jpCKET NO.: CHIR-0158 (0316.005) PATEN 



7 2003 

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



17 



<r> 

In re application of: Covacci etal. EE 

m 

Serial No.: 09/306,934 Group Art Unit: 1645 ppj 

Filed: July 26, 1999 Examiner: P.Bui § 

For: HELICOBACTER PYLORI CYTOTOXIN PROTEINS §§ 

USEFUL FOR VACCINES AND DIAGNOSTICS 

I, Robin S. Quartin, Registration No. 45,028 certify that this 
correspondence is being deposited with the U.S. Postal 
Service as First Class mail in an envelope addressed to the 
Assistant Commissioner for Patents, Washington, D.C. 
20231. " 
On 




Robin S. Quartin Reg. No. 45,028 



Assistant Commissioner for Patents 
Washington, D.C. 20231 



Dear Sir: 



DECLARATION PURSUANT TO 37 C.F.R. § 1.132 

I, Giuseppe Del Giudice, do hereby declare as follows: 

1 . I am a Research Director employed by Chiron SpA, in Siena, Italy. 

2. I am a medical doctor (M.D.) with 15 years of experience in vaccine 
development. 



3. I have read U.S. application serial number 09/306,934, filed July 26, 1999, and 

entitled "Helicobacter pylori cytotoxin proteins useful for vaccines and diagnostics 11 ("'934 
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application"). While I am not an inventor of the subject matter of the '934 application, I am quite 
familiar with the invention and the technology at issue. The '934 application claims priority to 
PCT/EP93/00472 (filed March 2, 1993) and PCT/EP93/00158 (filed January 25, 1993), which two 
PCT applications claimed priority benefit of Italian application Serial No. FI92A000052 (filed 
March 2, 1992). 

4 - The invention provides purified, recombinantly produced polypeptides of the 
Helicobacter pylori cytotoxin (VacA) protein 1 , for use, among others, in vaccines. The component 
VacA polypeptides of such vaccines should induce an immune response, should not be toxic, and 
preferably, should protect against subsequent challenge by the pathogen H. pylori. 

5- I have read the Official Action dated February 7, 2000 ("Action"). 

6 - In the Action, the Examiner rejected claims 40 - 50 as allegedly being indefinite 
because of the use of the term "substantially," which the Examiner asserts is a relative term lacking 
comparative basis. I respectfully disagree. 

7 - The term "substantially" is used in the amended and original claims in conjunction 
with terms relating to toxicity in such phrases as "exhibits substantially no toxicity, or substantially 
reduced toxicity," and "exhibits no functional contribution to toxicity, or a substantially reduced 
functional contribution to toxicity." These phrases are used to describe the characteristics of the 
claimed H. pylori VacA polypeptides, and the H. pylori VacA polypeptide components of the 
claimed vaccines of the invention. The term "substantially," as it is used in the '934 application, 



the specification of the '934 application, H. pylori cytotoxin is referred to as "CT." However, 
current terminology for the "vacuolating" cytotoxin protein of H. pylori is "VacA." 
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would have been, and is clearly understood by those of ordinary skill in the art, to mean that such 
H. pylori proteins, or fragments thereof, do not exhibit statistically significant cytotoxic effects and, 
thus, would be acceptable for use in human vaccines. Cytotoxicity can be routinely assessed in a 
variety of assays known to those of skill in the art, such as in vitro vacuolation of cells or cell lines, 
e.g. HeLa cells, and in vivo administration of purified VacA to mice to analyze gastric tissue 
damage. 

8- In the Action, the Examiner rejected claims 40 - 50, as allegedly containing subject 

matter which was not described in the specification in such a way as to enable one skilled in the art 
to which it pertains, or with which it is most nearly connected, to practice the invention 
commensurate in scope with the claims. The Examiner asserted that undue experimentation would 
have been required to determine which VacA (CT) polypeptides/proteins are effective for use as 
vaccines and which fragments of cytotoxin protein would "exhibit substantially no contribution to 
toxicity" or would be effective as components in a "prophylactic or therapeutic vaccine," at the time 
of filing. I respectfully disagree. 

9. Chemically inactivated and genetically detoxified toxins were known to those of skill 
in the art, prior to March 2, 1992. For example, Exhibit A, which is a copy of Manetti et al., 1995, 
Infect Immun. 63 :4476-4480, cites to prior studies (Pizza et al. 9 1 989) of chemically and genetically 
detoxified subunits of pertussis toxin, which also were capable of inducing protective immunity. 

10. It is routine to determine, and was routine to determine, as of March 2, 1992, which 
polypeptide fragments of//, pylori VacA would exhibit substantially no toxicity, or substantially 
reduced toxicity, be immunogenic, and be functional as a vaccine. 
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1 1 • Protein fragments for testing are easily generated through such means as recombinant 

expression techniques, using the sequences disclosed in the '934 application. Thus, it would have 
been routine, as of March 2, 1992, to generate fragments of K pylori Vac A protein and fragments 
of cytotoxin associated immunodominant antigen (CagA) 2 . Such fragments could then be used for 
further determinations of toxicity, immunogenicity, and vaccine efficacy. 

12. Regarding toxicity, in vitro vacuolation assays can be used for the routine 
determination of toxic and non-toxic VacA protein, or fragments thereof. Exhibit B is a copy of 
Reyrat et al. 9 1999, Mol Microbiol 34:197-204, which is a review of the structure and activity of 
VacA. VacA was first described to induce vacuolation (the formation of large vacuoles) of 
mammalian cells in vitro, in 1988 {see page 199, column 2 of Exhibit B). Fig. 1A of Exhibit B 
shows a microscopic view of the vacuolating activity of purified VacA protein on HeLa cells. Thus, 
at the time of filing, those skilled in the art could have used an in vitro vacuolation assay on 
mammalian cells to routinely distinguish toxic and non-toxic VacA fragments. 

1 3 . Animal models used for the study of H. pylori infection were known prior to March 
2, 1 992. Such animal models ofH. pylori infection include the gnotobiotic piglet (Krakowka et al, 
1 987, Infect. Immun. 55 :2789-2796) (Exhibit C) and the gnotobiotic dog (Radin et al 9 1 990, Infect. 
Immun. 58:2606-2612) (Exhibit D). Animal models present convenient in vivo assay systems for 
routinely distinguishing non-toxic VacA protein, or fragments thereof, from those which exhibit 
toxicity. For example, Telford et a/., 1994, 1 Exp. Med. 179:1653-1658 (Exhibit E), describes an 
in vivo mouse model of H. pylori-induced gastric ulceration, used to show that the VacA protein is 
responsible for the epithelial erosion seen in H. pylori infection. Sonicated, VacA-producing H. 



In the specification of the '934 application, H. pylori cytotoxin associated immunodominant antigen 
is referred to as "CAI." However, the current terminology used for this protein is the "cytotoxin-associated gene A" 
or "CagA" antigen. 
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pylori cells were shown to induce erosive lesions of the gastric mucosa, when orally administered 
to mice (Figure 1 (b and c)). Administration of purified Vac A to mice also resulted in extensive 
tissue damage and mucosal erosion (Figure 1 (d, e, and f)). Thus, K pylori infection models can be 
used, and could have been used at the time of filing, for routinely distinguishing toxic and non-toxic 
VacA fragments. 



immunological assays to screen for antibody production in response to immunizations with 
fragments of K pylori cytotoxin protein. These include, for example, 1) enzyme-linked 
immunosorbent assay (ELISA), 2) proliferation assays of cells from lymphoid organs, and 3) 
evaluation of the number of cells producing antibodies to a given antigen. Detailed protocols for 
these standard assays can be found in any manual on immunology. The Handbook of Experimental 
Immunology, Weir & Blackwell (eds.), 1986, which is cited at page 5, lines 22 - 24 of the 
specification, is a good example of such a manual, available to those of skill in the art at the time of 
filing of the application. Current Protocols in Immunology, John Wiley & Sons, New York, NY, 
which has been published since 1 99 1 , is another example of such a manual available to those of skill 
in the art. Thus, it would have been routine to determine which fragments of cytotoxin protein 
would generate an immune response, at the time of filing of the '934 application. 

15. Regarding vaccine function, at page 15, lines 14 - 17, the specification of the '934 

application defines a vaccine as "capable of eliciting protection against K pylori" Furthermore, the 
vaccines of the invention can be prophylactic, therapeutic, or both (see page 38, line 39 - page 40, 
line 2, of the '934 application). Demonstration of a prophylactic or therapeutic effect of a protein, 
or polypeptide fragment of a protein, could have been carried out using routine functional 
experiments and assays. Functional experiments include the administration of a candidate vaccine 
to animals susceptible to K pylori infection, either before challenge with the pathogen (prophylaxis 



14. 



Regarding immunogenicity, one of skill in the art could have employed classical 



DOCKET NO.: CHIR-0158 SERIAL NO.: 09/306,934 

PATENT APPLICATION FILED: JULY 26, 1999 

determination) or after infection has taken place (treatment determination). Animal models of 
disease provide convenient environments for such vaccine testing. See ^ 13 above. 

16. Exhibit F is a copy of Nedrud, 1999, FEMS Immunol. Med Microbiol. 24:243-50, 
which is a review of animal models of H. pylori infection that have been established, including the 
pig, dog, gerbil, monkey, and ferret. Such models have been used since 1987 to examine infection- 
related disease processes and evaluate vaccines, and they can be used routinely to determine the 
effectiveness of H. pylori proteins and polypeptide fragments as vaccines against the infection. 

17. Exhibit G is a copy of Ghiara et al., 1997, Infect. Immun. 65:4996-5002, of which I 
am a co-author, and which shows that therapeutic vaccination with full-length recombinant H. pylori 
proteins, including VacA, can eradicate chronic H. pylori infection in a mouse model, and protect 
against subsequent challenge. Figure 3 of Exhibit G presents the results of therapeutic vaccination. 
Vaccination with full-length recombinant VacA protein (indicated as "ToxlOO") resolved the 
infection in about 92% of the mice. Full-length recombinant CagA protein yielded a 70% 
eradication of infection rate. Furthermore, once therapeutically treated, the mice are also protected 
from further challenge with H. pylori. Figure 5 presents the results of a study of reinfection rate, and 
shows that therapeutic vaccination with the recombinant VacA protein protected 70% of the mice 
from reinfection with H. pylori. 

18. In the Action, the Examiner also asserted that a mucosal adjuvant is required for 
effective H. pylori component vaccines. I respectfully disagree with this characterization of the state 
of the art. Exhibit H is a copy of published PCT application PCT/IB99/0085 1, of which I am a co- 
inventor, and which teaches that mucosal delivery and mucosal adjuvants are not required for 
effective H. pylori component vaccines. This PCT application presents the results of intramuscular 
immunization studies with K pylori component vaccines, in a dog model. Page 21 presents the 
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protocol for immunization. Full-length recombinant K pylori proteins -- VacA, CagA, and 
neutrophil activating protein (NAP) - were used as vaccine components for intramuscular 
immunizations. The adjuvant was aluminum hydroxide, i.e., not a mucosal adjuvant. 

19. Exhibit H demonstrates that the intramuscular immunizations induced high serum 
titers of antigen-specific antibodies to each of the H. pylori component proteins in the vaccine (see 
Figure 5A (VacA), Figure 5B (CagA), and Figure 5C (NAP)). Furthermore, intramuscular 
immunization was effective to protect all of the dogs from challenge with H. pylori. No symptoms 
of 77. pylori infection were evident in the intramuscularly vaccinated dogs (page 12, lines 24 - 25). 
At 1 0 and at 42 days post-challenge, the intramuscularly vaccinated dogs' antral biopsies and gastric 
lavages were negative for urease 3 activity (page 12, lines 26 - 29, and page 14, Table 2). 
Furthermore, at 42 days post-challenge, intramuscularly vaccinated dogs had normal mucosa, 
without the signs of hyperemia or edema seen in the H. /7y/or/-infected control animals (page 14, 
lines 4 - 10, and Figures 1A and IB). 

20. In the Action, the Examiner also rejected the claims as anticipated by Cover et al. 
(1992). I respectfully disagree. Cover et al. (1992) describes purified, native H. pylori 87kDa 
cytotoxin protein and reports that it is toxic. Cover et al. (1992) also describes the immunization of 
a rabbit with SDS-P AGE purified, denatured cytotoxin to generate an antisera, containing antibodies 
specific for the 87 kDa cytotoxin protein (as shown by immunoblot), and capable of neutralizing 
native cytotoxin vacuolating activity. 



3 Urease is another H. pylori protein (see '934 application page 2, lines 8 - 14). A urease activity assay 
(see 4 934 application page 46, lines 14 - 16) is a means of detecting the presence of//, pylori infection, both in the 
experimental and the clinical setting. 
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21 • The claims of the '934 application are directed to (1) recombinantly produced H. 

pylori Vac A polypeptides, exhibiting substantially no toxicity, or substantially reduced toxicity, (2) 
vaccines comprising Vac A polypeptides of (1), exhibiting substantially no toxicity, or substantially 
reduced toxicity, and (3) methods of making these vaccines. Manetti et al. ( 1 995) (Exhibit A) shows 
a recombinant VacA protein that is non-toxic. The results show that the recombinant VacA protein, 
and two recombinant fragments of VacA protein, are non-toxic, having no vacuolating activity in 
vitro (page 4478, column 1). Although Manetti et al. (1995) (Exhibit A) reports that antibodies 
made against the denatured recombinant protein were unable to block the in vitro vacuolating 
activity of purified, native VacA (page 4478, Figure 4), Ghiara et al. (1 997) (Exhibit G) disclose that 
the recombinant VacA is, nevertheless, capable of generating a protective effect against H. pylori 
infection. 

22. Cover et al. (1992) does not disclose a recombinantly produced H. pylori VacA 
polypeptide exhibiting substantially no toxicity, or substantially reduced toxicity. 

23. I declare that all statements made herein are of my own knowledge true and 
statements made on information and belief are believed to be true; and further that these statements 
were made with the knowledge that willful false statements and the like so made are punishable by 
fine or imprisonment, or both, under section 1 00 1 of Title 1 8 of the United States Code and that such 
willful false statements may jeopardize the validity of the application or any patent issued thereon. 

Date ^7 
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We have attempted to express the Helicobacter pylori vacuolating cytotoxin in Escherichia coli. Although the 
95-kDa VacA polypeptide was expressed abundantly, it completely lacked any biological activity. In addition, 
this material failed to induce neutralizing antibodies after immunization of rabbits. In contrast, highly purified 
high-molecular-mass cytotoxin from the supernatant of//, pylori cultures was active in a He La cell assay and 
effectively induced a neutralizing response in rabbits. Neutralizing sera were shown to contain a high propor- 
tion of antibodies which recognized conformational epitopes found only on the native toxin. The data indicate 
that toxin-neutralizing epitopes are conformational and that potential vaccines based on the cytotoxin may 
benefit from the use of the intact molecule. 



Helicobacter pylori infection is now recognized as the cause 
of most gastroduodenal disease, including chronic active gas- 
tritis, atrophic gastritis, and peptic ulcer (1). Recent data in- 
dicate that a subgroup of H. pylori, referred to as type I strains 
(17), which produce a potent cell-vacuolating cytotoxin (5) may 
be responsible for the more severe forms of disease (2, 15). In 
support of this hypothesis, extracts of cytotoxic (type I) strains 
but not noncytotoxic (type II) strains cause epithelial damage 
and ulceration when administered orally to mice. Furthermore, 
the highly purified toxin causes lesions similar to those ob- 
served after administration of whole-cell extracts (15). More 
recently, in a mouse model of K pylori infection, cytotoxic 
strains but not noncytotoxic strains caused gastric lesions sim- 
ilar to those seen in severe disease in humans (6). Hence, study 
of the cytotoxin will be important to our understanding of H. 
pylori-induced disease, and the cytotoxin may be an important 
candidate for therapeutic or prophylactic vaccines. 

The toxin is synthesized in H. pylori as a 140-kDa precursor 
protein with a 33-amino-acid amino-terminal signal peptide, 
which is presumably responsible for secretion across the 
plasma membrane (16). The carboxy-tenninal 45-kDa segment 
of the precursor is structurally similar to the outer membrane 
transporter region of the immunoglobulin A protease family of 
exotoxins (13). This region is cleaved from the molecule during 
export across the outer membrane and remains associated with 
the bacterial cell (16). The 95-kDa mature portion of the toxin 
is released slowly from the bacteria and is found in the culture 
medium as a high-molecular-mass oligomer (3). The 95-kDa 
monomer is further processed in the culture medium by spe- 
cific cleavage to produce an ammo-terminal subunit with a size 
of 37 kDa and a carboxy-terminal subunit with a size of 58 kDa 
(16). The subunits copurify on gel filtration with the intact 
molecule, indicating that they remain associated after cleav- 
age. The physiological relevance of this further processing is 
not yet clear, but it may be important for activation of the 
toxin, as is the case for several other bacterial toxins. 

Large-scale production of the toxin is essential for studies of 
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function and for assessment of its potential as a vaccine. For 
this reason, we have expressed the 95-kDa mature portion of 
the toxin and each of the two subunits separately in Escherichia 
coli and compared these products with highly purified native 
toxin in activity and ability to induce neutralizing antibodies in 
rabbits. The antisera raised against the recombinant products 
recognized the native toxin in enzyme-linked immunosorbent 
assay (ELISA) but failed to neutralize the toxic activity. Highly 
purified native toxin could be produced in milligram quantities 
and was highly potent in inducing neutralizing sera. 

MATERIALS AND METHODS 

Bacterial strain* and culture conditions. E. coli M15 (pRep4) (Qiagen Inc.. 
Chatsworth, Calif.) was used for cloning experiments. Recombinant bacteria 
were grown in Luha-Bertani broth or agar plates supplemented with ampicillin 
(100 tig/ml) and kanamycin (25 ug/ml). H. pylori reference strain NCTC U63 7 
and strain 60190 (kindly supplied by M. J. Biaser) were grown on Columbia agar 
with 5% horse blood, 0.2% cyctodexthn, and Dent or Skirrows antibiotic sup- 
plement (Oxoid, Basingstoke, United Kingdom). Liquid cultures were grown in 
5-liter bio re acton in brucella broth supplemented with 2% cyclodextrin (7). 

Expression of recombinant toxin. DNA cloning procedures were carried out 
according to standard protocols (12). H. pylori DNA fragments were generated 
either by restriction enzyme digestion of the cloned gene (16) or by PCR am- 
plification with specific primers. pTOX140 was constructed in two steps as fol- 
lows, (i) An approximately 5-kbp fragment from the EcoRI site at position 4Q1 
of the published sequence (16) to a BamHX site approximately 1.5 kbp after the 
stop codon was cloned into the respective sites in pQE30 (Qiagen). This con- 
struct thus lacked the sequences coding for the n bo some binding site, initiator 
methionine, and histidine tag of the pQE30 plasmid- (ti) A short fragment 
synthesized by PCR from a synthetic EcoRI site at position 201 of the published 
sequence to the EcoRI site at position 491 was inserted into the plasmid from 
step i. Thus, the construct contains the pQE30 promoter followed by the ribo- 
some binding site and the entire gene encoding the cytotoxin. A similar strategy 
was used for the construction of pTOXlOO except that a BamHX site was added 
immediately preceding base 316 of the published sequence and the insert ter- 
minated at the /rtndlll site at position 3215 of the published sequence. Thus, the 
region coding for amino acids 34 to 1000 was cloned in frame with the sequences 
coding for the histidine tag in the BamHl-Hindlll sites of pQE30. pTOX37 and 
pTOX58 were constructed by cloning the sequences coding for amino acids 34 to 
352 and 353 to 995 in the BamHl-Sall sites of pQ E30 with synthetic oligonucle- 
otides with the appropriate restriction enzyme recognition sites. 

Recombinant protein was purified on Ni-nitrilotriacetic acid resin (Qiagen). 
according to the manufacturer'* instructions. Recombinant protein was bound to 
the column in 8 M urea-O.l M sodium phosphate-0.01 M Tris (pH 8.0) and 
e luted with 6 M guanidinium hydrochJo ride -0.2 M acetic acid. Protein refolding 
was carried out by dialysis against 50 mM a-alanine (Sigma Chemical Co.. St. 
Louis, Mo.) (pH $&)-\0% giycerol-5 mM glutathione ( reduced H)i mM glu- 
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FIG. 1. Schematic representation of plasmid constructs used for expression of cytotoxin in £ coli. P. promoter. RBS. nbosome binding site; SP. signal peptide: OM 
exp, putative outer membrane exporter, 6xHis, tag of six histidine residues. 



tathione (oxidized) and then diaJysis stepwise against 50 mM 0 -alanine- 10% 
glycerol at pH 4.5. 5.5. and 7.0. Rabbits were immunized intradermal^ with five 
doses, spaced 7 days apart of 100 u.g of recombinant proteins in Freund's 
adjuvant. Immunoblotting was carried out by using a chemiluminescence detec- 
tion kit (ECU Amersham) and horseradish peroxidase -labeled anti -rabbit im- 
munoglobulin antibodies. 

Purification of native VacA. The biomass from a nominal 5-liter culture of H. 
pylori CCUG was removed by centrifugation at 1 1,000 x g for 20 min. and the 
supernatant liquid (approximately 4 liters) was brought to 50% saturation by the 
addition of solid ammonium sulfate. The suspension was centrifuged at 1 1.000 x 
g for 20 min. and the precipitated proteins were resuspended in 100 mM NaG-20 
mM phosphate (pH 6.5) and dialyzed extensively against the same buffer. The 
diaJysate was adjusted to a volume of 250 ml and applied, at a flow rate of 2_5 
ml/min, to a column (2.5 by 11 cm, Econo column; Bio-Rad, Hercules* Calif.) 
containing Matrex Cellufine Sulfate (Amjcon, Danver. Mass.). The proteins were 
washed extensively with loading buffer, e luted from the column with a gradient 
of 0.1 to li M Nad in 20 mM phosphate buffer (pH 6.5), and monitored by^jao- 
The etuate between OS and 0.8 M NaQ containing the VacA protein was 
collected and brought to 50% saturation with ammonium sulfate. The suspension 
was centrifuged at 1 1,000 x g for 20 min, and the pelleted proteins were resus- 
pended in phosphate-buffered saline (PBS) (300 mM NaCJ). Insoluble material 
was removed by centrifugation at 25,000 x g for 5 min, and the cleared solution 
was applied to a column ( 16 by 81 mm) packed with Superose 6 (Pharmacia, 
Uppsala, Sweden). Proteins were eluted with PBS and monitored by Frac- 
tions containing highly purified VacA, as assented by Coomassie blue-stained 
sodium dodecyl sulfate -poryacrylamide gel electrophoresis (SDS-PAGE), were 
pooled. The protein concentration in the purified fractions was measured by 
using the Dc protein assay reagent kit (Bio-Rad) with bovine serum albumin as 
a standard. 

Immunization of rabbits and oeutrallxattoa of toxin. New Zealand White 
rabbits approximately 2 -5 kg in size were im by intradermal injections of 
25 *ig each of purified toxin in a solution of t mg of aluminium hydroxide per ml 
as the adjuvant on days 0, 14, 28, and 56. Immunoglobulins were purified by using 
protein G-Sepharose (Pharmacia) and tested for their ability to neutralize VacA 
cytotoxic activity in an in vitro vacuo labon assay (9) in which serial dilutions of 
the purified immunoglobulins were incubated with 1.85 \Lg of purified toxin in 40 
M.I of PBS added to the cells in 160 ui of culture medium containing 5 mM 
ammonium chloride. 

EUSA. Flat-bottomed 96-well plates were coated by incubation overnight at 
4°C with native VacA (2 M.g/ml) or recombinant TOX100 (10 i&g/ml) in PBS. 
After thorough washing with PBS-O.05% Tween 20, the plates were blocked by 
incubation for 2 h at 37*C with a solution of potyvuylnyrrolictone 360000 (2.7%) 
(Sigma Chemical Co.) and then washed again. Serial dilutions of purified im- 
munoglobulins from anti- VacA and anti-TOXlOO rabbit antisera in PBS-0.05% 
Tween 20 were incubated in the coated plates for li h at 37*C The plates were 
washed and incubated with alkaline phosphatase -conjugated goat anti-rabbit 
immunoglobulin antibodies for 1.5 h at 3TG After the plates were washed, the 
reaction was developed by using the ELISA In vitro Test (Sdavo Diagnostics, 
Siena, Italy). 



RESULTS 

Expression of vacuolating cytotoxin in E. coli. Plasmid 
pToxl40 contains the entire H. pylori toxin gene including 
sequences coding for the signal peptide and putative outer 
membrane exporter cloned downstream of a synthetic induc- 
ible promoter in the plasmid vector pQE30 (shown schemati- 
cally in Fig. 1). This construct was introduced into E. coli M 15, 
and the expression of the toxin gene was induced by treatment 



with IPTG (isopropyl-p-D-thiogaiactopyranoside). Despite the 
fact that the synthetic promoter in pQE30 is very strong, only 
trace quantities of a 140-kDa protein which reacted in Western 
blots (immunoblots) with antitoxin antisera could be detected 
in the ceil extracts (Fig. 2A). No processed 95-kDa protein 
could be detected either in the cell extracts or in the culture 
supernatant. £. coli would thus appear to be incapable of 
correct synthesis, processing, and export of the full-length cy- 
totoxin precursor. 

To overcome this problem, we attempted to express the 
region of the gene coding only for the mature 95-kDa portion 
of the protein either intact or in two pieces corresponding to 
the 37- and 58-kDa subunits. To facilitate purification of these 
proteins, they were expressed with six amino- terminal histi- 
dines, which enable purification by nickel chelation chroma- 
tography. The plasmid constructs used are shown schematically 
in Fig. 1. Each of these proteins was expressed to high levels 
after induction in £. coli (Fig. 2B); however, the proteins pre- 
cipitated inside the bacteria and were found in the insoluble 
fraction of the cells after rupture by sonication. 

We attempted to solubilize and re nature the recombinant 
proteins to produce functional toxin. The proteins were solu- 
bilized in 8 M urea, purified on nickel-chelating columns, and 
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FIG. 1 Expression of cytotoxin polypeptides in £ coli. (A) Coomassie blue 
staining (lane 1) and immunoblot with anticytotoxin antibodies (lane 2) of 
TOX140 in £ coli extracts after SDS-PAGE The angled arrow shows ihe 
position of the 140-kDa precursor. (B) Coomassie blue staining of TOX 100 (lane 
1). TOX58 (lane 2), and TOX37 (lane 3) in extracts of £ coli expressing the 
respective ptasmids. The angled arrows indicate the recombinant proteins. (C) 
Immunoblot of extracts of H. pylori NCTC 11637 with rabbit antisera raised 
against TO XI 00 (lane I), TOX58 (lane 2), and TOX37 (lane 3). The positions of 
protein molecular mass standards are indicated (horizontal arrows). 
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FIG. 3. SDS-PAGE and immunoblot of purified cytotoxin. (A) Coomassie 
blue staining of purified cytotoxin after SDS-PAGE; (B) immunoblot of the 
material in panel A (lane 2) and a similar preparation (lane 1) with antisera 
raised against TOX100. The migration of protein molecular mass standards is 

shown. 



diaJyzed stepwise to remove the urea. Although the proteins 
treated in this way remained in solution, no activity could be 
detected in a HeLa cell vacuolation assay (9). Rabbit anti- 
serum raised against this material reacted well in a Western 
blot with the 95-kDa toxin protein in H. pylori extracts (Fig. 
2C) and recognized the native protein at a high dilution in 
EUSA (see below); however, none of the serum samples was 
capable of neutralizing toxin activity in the in vitro vacuolation 
assay (data not shown). 

Purification of native cytotoxic The above results indicated 
that protective epitopes in the toxin molecule may be confor- 
mational and that the E. co/i-expressed toxin was incapable of 
folding correctly. To test this and to establish whether the 
cytotoxin could be considered as a possible vaccine candidate, 
we needed to purify sufficient native active toxin to immunize 
rabbits. Published procedures for the purification of the cyto- 
toxin have proven difficult for the preparation of large quan- 
tities. To overcome this problem, we developed a new, simpli- 
fied procedure which gives reproducer/ good yields of active 
cytotoxin. Supernatants from H. pylori NCTC 11637, cultured 
in bioreactors under conditions which ensure a high level of 
cytotoxin synthesis (7), were first concentrated, and then the 
toxin was purified by using a two-step procedure involving 
affinity chromatography and gel filtration (see Materials and 
Methods). The active cytotoxin eluted from the gel filtration in 
fractions corresponding to an apparent molecular mass of 
around 700 kDa. Coomassie blue staining of this material after 
SDS-PAGE revealed a single polypeptide with a molecular 
mass of 95 kDa which reacted with antiserum raised against the 
recombinant cytotoxin (Fig. 3). In some preparations, traces of 
the previously described 37- and 58-kDa processed products of 
the 95-kDa monomer (16) could be detected (Fig. 3B, lane 1). 

With this procedure, milligram quantities of active cytotoxin 
were obtained from the culture supernatant. The estimated 
molecular mass of the toxin, although slightly lower, is within 
the limits of the technique which gave the value of 900 kDa 
previously reported (3). 

Induction of neutralizing antisera by native cytotoxin. The 
purified native toxin proved very efficient at inducing neutral- 
izing antisera in rabbits. Figure 4 shows the dose response of 
neutralization of purified toxin in a HeLa cell vacuolation 
assay. Antisera from two different rabbits gave similar results 
of 50% inhibition at around 10 ng of purified immunoglobulins 
per ml. Hence, it appears that conformati nal epitopes impor- 
tant for neutralization and thus for toxic activity are formed 
only on assembly of the high-molecular-mass oligomeric struc- 
ture of the native toxin. 
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FIG. 4. Inhibition of cytotoxic activity by antibodies raised against pur tied 
native cytotoxin. Solid line, protein G-Sepharose-purified immunoglobulins from 
anticytotoxin serum; broken line, purified immunoglobulins from preimmune 
serum. The 6gure shows the mean and standard deviation of triplicate samples 
from representative experiments. 
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M. pylori isolates show a large degree of genetic variability. 
Nevertheless, cytotoxic activity extracted from an independent 
strain, H. pylori 60190 (3), isolated in a different geographic 
location was neutralized by similar concentrations of the rabbit 
antisera (data not shown). Even though the primary sequence 
of the toxin from this strain is only 93% identical to that of the 
protein used for immunization (4, 16), the protective epitopes 
are sufficiently conserved to allow effective cross-reaction. 

Conformational epitopes in native toxin detected by EUSA. 
Figure 5 shows a comparison of antibody titers between rabbit 
antisera raised against native and recombinant cytotoxins. 
While sera raised against the different antigens had similar 
titers in ELISAs against the recombinant protein, they differed 
greatly when measured against the native protein. Antisera 
raised against the native toxin reacted with the native toxin at 
a considerably higher dilution than with the recombinant pro- 
tein, indicating that a large part of the antibodies recognized 
conformational epitopes not present in the denatured mole- 
cule. In contrast, much higher concentrations of the antisera 
against the recombinant protein were required to react with 
the native protein, probably because some linear epitopes 
present in the denatured protein were masked in the correctly 
folded structure. 

DISCUSSION 

We have 'shown that native oligomeric toxin purified from 
cultures of H. pylori is capable of inducing high titers of neu- 
tralizing antibodies in rabbits whereas recombinant toxin pro- 
teins expressed in E. coli are not The £. cotf-expressed pro- 
teins were inactive in a HeLa cell assay of vacuolation. 
suggesting that the r ason that they failed t induce a neutral- 
izing response was because they failed to fold correctly. Hence, 
the neutralizing epitopes in the native toxin protein are likely 
to be conformati nal and may be formed only when the pro- 
tein folds correctly into its native structure. 

This interpretation is supported by the results of the ELISA 
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FIG. 5. ELISA determination of antibody titer in neutralizing rabbit antisera raised against native cytotoxin (squares) or recombinant TO X 100 (circles) against the 
native antigen (solid lines, filled symbols) or the recombinant antigen (broken lines, open symbols). 



using the native and recombinant proteins. Since both the 
responses of individual rabbits and the efficiency of binding of 
the antigens to the plate are likely to vary, the interpretation of 
these data relies on the crosswise assay of the titer of each 
antiserum with both the native and recombinant antigens. An- 
tisera raised against the native antigen recognized the native 
protein at titers much higher than those of the recombinant 
protein. This difference in titers was not due to large differ- 
ences in the quantities of antigens in the assay, as demon- 
strated by the fact that the antisera against the recombinant 
antigen reacted with the recombinant protein at a higher titer 
than with the native protein. The differential response of the 
two serum samples indicates that the native molecule is highly 
structured such that the immune response is due primarily to 
conformational epitopes. These data may be highly relevant to 
studies of serum antibodies against the toxin in H. py/on- in- 
fected individuals. It is likely that use of the recombinant 
protein will seriously underestimate the antibody titers and 
that only the native toxin will give accurate measurements of 
the host response during infection. 

The native toxin has been reported to migrate in gel filtra- 
tion with an apparent molecular mass of >900 kDa (3). Our 
estimate of the mass of the purified toxin is closer to 700 kDa, 
but this difference is within the limits of error of the prepara- 
tive gel filtration used. Since only the purified protein was 
active and capable of inducing a neutralizing response, it is 
likely that the high-molecular-mass form of the toxin is not 
simply a nonspecific aggregate of toxin monomers but that it is 
an ordered structure required for activity. In support of this 
interpretation, visualization of the native toxin by electron 
microscopy has revealed a regular heptameric structure (un- 
published data). 

The data and conclusions are similar to those reported for 
the pertussis toxin, which is a heteropentameric protein. An- 
tisera raised against the individual subunits failed to neutralize 
the toxin (8) whereas chemically inactivated or genetically de- 
toxified holotoxins (10) are effectiv at inducing protective 
immunity (11). The pentameric structure of pertussis toxin has 



subsequently been characterized, and pertussis toxin, like sev- 
eral other multimeric bacterial toxins, has been shown to pos- 
sess functional regions which span several subunits (14). The 
oligomeric structure of the H. pylori cytotoxin is likely to have 
similar properties. 

The integrity of the native conformation of a vaccine can be 
extremely important for the induction of protective immunity. 
Even partial destruction of the conformational epitopes by 
chemical inactivation can result in lowering the effective tm- 
munogenicity. This variation in effectiveness has been amply 
demonstrated by inactivation of the pertussis toxin. Pertussis 
toxin genetically detoxified by substitution of two key amino 
acids in the enzymaticaUy active site such that the structure is 
virtually unaltered has proven to be a considerably more ef- 
fective immunogen than chemically inactivated forms (11). 
This possibility will have to be taken into consideration in the 
assessment of the cytotoxin as a possible vaccine candidate. A 
genetically detoxified molecule which retains the native struc- 
ture will be an important goal. 
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Summary 

VacA, the major exotoxin produced by Helicobacter 
pylori, is composed of Identical 87kOa monomers 
that assemble Into flower-shaped oligomers. The 
monomers can be proteolyttcally cleaved Into two 
moieties, one of 37 and the other of 58 kOa, named 
P37 and P58 respectively. The most studied property 
of VacA Is the alteration of Intracellular vesicular traf- 
ficking In eukaryotlc cells leading to the formation of 
large vacuoles containing markers of late endosomes 
and lysosomes. However, VacA also causes a reduc- 
tion in transepitheltal electrical resistance In polar- 
ized monolayers and forms Ion channels In lipid 
bllayers. The ability to Induce vacuoles Is localized 
mostly but not entirely in P37, whereas P58 ts mostly 
Involved In cell targeting. Until recently, H. pylori Iso- 
lates were classified as tox* or tox~, depending on 
whether they Induced vacuoles In HeLa cells or not 
Today* we know that almost all strains are cytotoxic. 
The major difference between tox~ and tox" resides 
In the celt binding domain, which exists In two allelic 
forms, only one of which is toxic for HeLa cells. The 
two forms, named ml and m2, are found predomi- 
nantly in Western and Chinese Isolates respectively. 

Historical overview 

Helicobacter pyfori is a Gram-negative bacterium identi- 
fied some 15 years ago as the causative agent of chronic 
gastritis and peotic ulcer (Warren and Marshall, 1983). 
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Contrary to most oacteriaj nfectlous aiseases, ^. 
gives a long-asting infection with a t:me-sca.e p years z? 
even decades (Blaser, 1993). Furthermore. H ovtcn 
was classified as a type I carcinogen as it 'avours *-e 
development of gastroduodenai carciroma ana gastric 
lymphoma (Parsonnet etai, 1991, 199*). 

Soon after the isolation of H pylon, it was disccverea 
that broth culture filtrates of the majority of clln>ca< :sc ates 
exhibited a cytotoxic activity (Fig. tA) characterise by 
the vacuoiation of diverse mammai-an cell lines ana rg 
induction of gastric eotthellal eros;on : n animal creeps 
(Leunk et al., 1988; Kamiya et a/., 1994; Telford sf al.. 
1994; Marchetti et ai.. 1995; Cover, '996). ^untied ro 
homogeneity, the agent responsible for this toxic activty 
proved to be a heat-resistant oligomertc protein comco^ea 
of identical 87kDa monomers (Cover and Blaser, 1992; 
Cover, 1996; Lupetti et al., 1996; Yahiro et al., 1997). 
Vacuolating activity is strongly potentiated by a short 
exposure to acidic pH, a treatment leading to a profound 
molecular reorganization of VacA as assessed by circular 
dlchroism and fluorescence studies (de Bernard et al.. 
1995; Molinari et al., 1998a). Amino-terminal sequencing 
of the first 23 amino acids greatly facilitated subsequent 
genetic characterization of VacA. Four groups reported 
the sequence of the vacA gene (Cover, 1996). which is 
about 4Kb in size (Fig. 18) with an orthodox N-termmal 
signal sequence and a C-termlnal domain which is cleaved 
during export across the outer membrane (Schmitt and 
Haas, 1994; Wang et al., 1998a). Interestingly, this C- 
terminal domain belongs to a family of autotransporte'S 
widely used for the export of virulence factors in G.'ar~- 
negative bacteria (Loveless and Saier, 1997) such as 
AidA (adhesin) in Escherichia cofi, lgAP*(lgA protease) 
in Neisseria gonorrhoeae and Ssp {serine protease; r 
Serratia marcescens. 

VacA Is a flower 

The 87 kDa monomer of VacA can be cleaved Into two 
subunits, one of approximately 37 and the other of 
58 kDa (Telford etai., 1994), named P37 and P58 respec- 
tively, following specific proteolysis of a flexible surface- 
exposed loop (Fig. 1B). However, It <s still unknown 
whether this cleavage activity is due to VacA itself or :o 
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Fig. 1. A. Phase-contrast mcroscooy of H§ta ceils vacuolated oy 
Sag.Tir 1 of purified VacA. 

B. Scnematic *9cesentat;on of t*e wdd-tyoe vacA gene and the 
□rodbc: ootalned. the ievel of amino acia identity Between m 4 < and 
m2 forms is moicateo below, so. signal peptide; 'ooo, flexible loop 
Detween P37 and P5fl containing the proteolytic cleavage site. 
Above the schematic reoresentation of the vacA gene, the minimal 
intracellular vacuolating domain and the minima - , cell binding 
domain are represented by black and grey hatched boxes 
respectively. 

a surface-associated protease. It is not yet known whether 
processing into two subunrts is required for toxic activity. 
The molecular weight of the native toxin was found to be 
> 600 kDa using a gel filtration HPLC procedure, indicating 
that the mature toxin is oligomerlc. This was indeed con- 
firmed by quick-freeze and deep-etch electron microscopy 
(EM) (Lupetti ef a/.. 1996; Cover ef a/., 1997). Extremely 
rapid freezing prevents the distortion of the molecules 
which may occur with other techniques, thus allowing 
the mould to accurately represent the surface of the mol- 
ecule. VacA appears as a flower with either six or seven 
oetals (Fig. 2A; Lupetti ef aA, 1996). These electronic 
images were used to derive a three-dimensional structure 
(Fig. 2B) of the toxin by a method akin to tomography 
;Lanz£veccnia etai, 1998). Although this technique exhi- 
bits a -elatively low resolution (around 30 A) compared with 
crystallography, it provides an accurate picture of the outer 
part of the molecule, and thus gives some insights into its 
molecular architecture. More recently, the P58 subunit 
was purified and subjected to similar structural studies 
(Reyrat ef at., 1999). It was shown that the P58 moiety, 
when expressed in an homologous genetic context without 
the P37 subunit. is able to fold into a soluble structure with 
remarkable similarity to the peripheral petals of the h lo- 
toxin oligomer. This has I d to a bett r understanding of 



the cc^tr i'jncn 0 * a acn t L tiamg c cck *c -re cve:a» ; "-e- 
•ure of the *oxm, ana has suggesrea a — ccei r .v.c- r e 
monomers are r.tercaiatea with eacn ctr.e' to ; c-n re 
r fng structure. Hence, the oiigom.er.c sf-cx-'e ™isv ce 
maintained Dy nteraction oetween re P37 SLOun: ;f 
one monomer ana the P58 sucuntt of tne aqace f ". -crc- 
mer (Fig. 2C) >x has. however, oeen show that acr.:v~rio~- 
at aciaic 3H r esuits >n :he aissoaatior of te torn ^to 
monomers (Cover ef a/., ' 997; Mollnar et at * 998a. Sev- 
rat ef a/.. -998). suggesting that ongomenc VacA has a 
very iow activity. Cover et ai. ( *997) also cetectea grcucs 
of up to 12 monomers in EM studies of ace-heated VacA 
and have suggested that the oiigomenc struct jre s 
bilayered. Although the measurements of the rroecJe 
obtained from the three-dimensional reconstructions f «ar- 
zavecchia etai. 1998; Reyrat etai. 1999) are not compa- 
tible with dodecameric structures, it cannot be excluaec 
that under some conditions the hexamerc structures 
shown in Fig. 2C may associate to form Stiayereo accsca- 
meric structures. 

The role of the connective looo, >.e. the 'egior wnere 
processing occurs, has been mvestigatea by constructing 
derivatives in which the loop was either snorteneo cy 1 6- 
46 amino acids or substituted oy the 000 of the toxin cf 
Corynebacterium diphtheriae (Bun-oni etai, 1998). inter- 
estingly, although the toxic activity was unaffected, the 
shortening of the loop appeared to favour an organization 
into hexamers. It is likely that the shortening of the connec- 
tive loop between the P37 and the P5B pulls these sub- 
units closer together, which reduces the flexibility of the 
interaction and consequently the number of monomers 
that can enter Into the oligomeric structure. 

VacA toxicity 

There is a strong consensus that VacA is actually a cyto- 
toxic Indeed, when administered orally to mice (Telford 
et a/.. 1994), VacA induces gastric epithelial erosion 
resembling that observed In humans with peptic ulcer, in 
vitro studies have demonstrated that VacA binds to target 
cells in a dose-dependent and saturable manner wnich is 
not increased by exposure to acid pH (Massari ef ai, 
1998). It is then Internalized into endosomes with <re: cs 
compatible with receptor-mediated endocytosis (Ga're* 
and Cover 1996). A i40kDa protein (Yahiro ef a/.. 
1997) and the epidermal growth factor (EGF) receptor 
(Seto ef a/.. 1998) have been successively proposed as 
VacA receptors, but definitive evidence is still SacKirg. 
Recently, the toxin binding function has been ascribed to 
the P58 moiety because this subunit binds to target 
cells. In the absence of P37, with the same affinity as 
the wild-type toxin without inducing any vacuolization 
(Garner and Cover, 1996; Reyrat ef a/., 1999). However, 
binding of P58 was not followed by its internalization in 
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Fig. 2. A. =iectran nicrograph at purified VacA (bar represents 

50 nm). 

5. Tnree-cinaratcnal top view of wiid-tyoe VacA nooiicas. 
C. Wccg! of the oossioia interaction Between 87WDa monomers .n 
the ciigomenc structure. In the Typothetlcal model, alternate 
-nonomers n the oligomer c structure are shaded differently in 
order to reorssent the interaction of the P37 subunit of one 
.Tonomer *nth rhe P58 subunrt of the ad|acent monomer. P58. 
58kDa suountt; ^37. 37*Oa suounit; aotted line, connecting iooo 
between ^58 and ?37. 

calls, suggesting that the P37 Is also needed for efficient 
endocytosls (Reyrat ef a/., 1999). However, the exact defl- . 
nition of VacA toxicity in vitro, which varies with the model 
system used, and th in vivo relevance of these various 
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b'ological prcoe r t'Qs 3'e -3;ne'' elusive *',naziG <-*c--a- 
•;on ailow ;ne ranging of <rown :c* c effects >nto re - -ee 
classes listea ceicw. 

Dysfunctions cf the endocytic oathway 

VacA was first cescribeo to mduce vacuoia::or cf -3.^- 
-riaiian ceils in vitro (Leunn era/., V9S8) This co^S'Sts - 
the cytoplasmic accumulation of large p r eiysosoma. :zrr- 
panments, marked by the late enaosomai. sr ~ a, l GT D - 
binding protein Rab7 (Papmi ef a/.. -99^. 1997) cv 
the lysosomal protein Lgp -0 :Moimar et a/. 1 99^» 
Vacuolation inhibition by V-ATPase oiocxers [Cover et 
a/.. '993; Papini ef a/.. 1993) and by overexo'esstci 0* 
non-functional rat? alleges (Papini sf a/.. 1997) suggest 
that modifications of both osmotic and ^emorare "af'ic 
balances at the prelysosomai level jnaeriie vacua e bio- 
genesis. The complexity of vacuce gene^tion s cer- ca- 
strated by the f act that it can be deeply Mue^cea cy eel- 
type, density, differentiation and serum concentration ~ 
the culture medium (de 3ernaro et a/., 1998a). C/tosci c 
expression of the vacA gene was shown to rojee a 
rab7/V-ATPase/weak base-aeoerdent vacuolatior cf 
Hela cells (de Bernard ef a/.. 1997). The entire arrt:nc- 
terminal domain of VacA (P37) pius a short sequence 
belonging to the P58 domain were sufficient to inouce 
vacuolation (de Bernard et a/., 1998b), proving that mis 
activity, whether enzymatic or not. is contained within 
this portion and can be exerted from the cytosol. These 
results were recently confirmed and extended (Ye 9t a/.. 
1999). Full vacuolation of Hela cells can be obta<ned 
by expressing the P37 moiety together with a 1 66- 
amino-acid fragment of the P56 subunit as separate mol- 
ecules. However, It is still unclear whether both fragments 
contain essential parts of a putative catalytic core of the 
toxin. It is worth noting that the connective loop is at the 
interface between these two fragments, suggesting that 
the essential determinant of toxin activity is not contiguous 
along the protein sequence (Ye etal. t 1 999). However, t is 
currently unknown whether the 166-amino-acid fragment 
of the P58 domain is part of a functional -oxlc domain cr 
whether it Is required to assist folding and oligomerization 
of the P37 subunit. Another important resui: of these stu- 
dles was that the toxin exoressea 'n the cell cytcsci <vas 
fully active even in the absence of acid oH pretraatr~ent. 
Studies with model membranes suggest that exposure to 
acid pH t reading to disassembly of the inactive toxin oligo- 
mer into monomers, may increase the insertion of the 
toxin into lipid bilayers (Molinarf ef a/., 1998a: Czajkowsxy 
ef aA, 1999) and hence trigger the hydrophobic interaction 
of VacA with the cell plasma membrane, the first step of 
any following cellular effect. 

it should be noted that macroscopic vacuolation is ore- 
ceded by extrac llular mistargetlng of lysosomal hydrolases. 
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cecreas.ncj cetvscscrre- vscsomai oegradative oower r 
Het_a zens [Sav^ 9t at.. 1397). "~ese m vitro oose'vatiors 
-"ay ^ave dmcai relevance in vivo. !n fact. Molinar; er a/. 
(1998b) have shown rat r.ter'ererce with -nembrare tra'- 
f;cK:rg resurts n an rnbrtion of antigen oresentaacn to :he 
.rr~ure system. Sucr effects are iikeiy to reflect eany 
stages of VacA action on tne enaocytic pathway, wnich 
.ncuoe a ca^aJ neutralization of the lumen (Satin ef aJ.. 
1997). 

Permeability changes *n polarized epithelial cell 
monolayers 

In vrtro treatment of polarized epithelial monolayers with 
VacA, or with VacA-expressing H. pylon strains, 
increases the transepithelial diffusion of ions (recorded 
as a decrease in TER - transepithelial electrical resis- 
tance) and small neutral tracers with molecular weight 
lower than 450 Da {Papini et al., 1998; Pelicic ef a/., 
1999). When toxin-producing bacteria were used. VacA 
oresent on the surface of the bacteria did not require acidic 
treatment to exert its activity on eplthelia (Pelicic er al., 
1999). Quite surprisingly, this effect, most likely due to a 
modulation of ceil— cell junctions, occurs in the virtual 
absence of enaocytic alterations and. in contrast to vacuo- 
lation, is not inhibited by BafAt and not enhanced by 
ouabain or weak bases (Papini et a/ , 1998)- It has been 
proposed that a selective diffusion of essential ions such 
as Ni 2 " and Fe 3 * and low-molecular-weight nutrients 
(glucose, amino acids) from the underlying mucosa toward 
infecting H. pylori may represent an advantage for efficient 
gastric colonization (Papini etai % 1998). 

Channel formation in lipid bilayers 

Experiments conducted with artificial lipid bilayers show 
that VacA activated by acidic pH forms tow-conductivity, 
voltage-dependent, anion-selective channels (Iwamoto et 
at., 1999; Tombola ef al.. 1999). Selectivity analysis 
showed that the channels conduct CI" and HCOrT and, 
althougn ess efficiently, the organic carboxylic acids pyr- 
uvate and gluconate. The VacA channel is blocked by 
the tycicai chloride channel blocker DIDS (4,4'-dilsothio- 
cyanatostdbene-2,2'-dlsulphonic actd) (Iwamoto ef al., 
1999). Moreover, VacA is able to interact with the lipid 
bitayer and form structures compatible with hexameric 
pores that can be visualized by atomic force microscopy 
and that probably account for the observed chloride chan- 
nel activity (Czajkowsky ef a/, 1999; Iwamoto ef a/., 1999). 
However, in sDtte of this similarity, there is no identifiable 
sequence homology between VacA and any known chlor- 
ide channels (Iwamoto ef a/., 1999). Interestingly, the 
dlmeric P58 was unable to form channels in lipid bilayers, 
demonstrating that the presence of the P37 is not only 



reaj'"3C 'cr ='f c:ent encacv-osis . 3 ey-=; et ai '599" : y 
also 'or cce 'cmaticn ;Tc-mbc a er at.. -999) : s '9^::- 
ng :o scecuiate that me 3 58 a<merc ~z ecu e -av j:k 
the enamel activity due :o tne d^e'-c sirjctu-e — 
does not allow the 'onratjon of :he targe centra — 
Cnce fcrnec r the apical ^emb^are o' oc a' zee °cf-e- 
lia. channels may acccurt 'or tne ocserved tcxr- rcjuc?*: 
increase of Isc (snort circuit current) n CaCo 2 :re ^ 
monolayers (Guannc ef at.. 4 998) ana oossioiy 'or - 
pytorz-associated aiarhoea r cnJore^ ;Suilivar. et a- 
1990). Endocytosis and aeiivery of a suffcient ar-c-j.-u cr 
VacA channels to endosomes >s axoectec to nc.-ease 
the turnover of the electrogenic V-ATPase by a jg~enr-g 
anion permeability of the merrbrane of these cor-pa*:- 
ments (Tombola etaJ. t 1999). Excess p-ctcrs -n the encc- 
somal lumen would combine with avai-ac-e weak oasas :o 
generate osmotically active soecies Water nf'ux wcu a 
hence cause endosome swelling, "jftne*- stua es = re 
necessary to substantiate this ^oaei n a cellular sys*e~ 
and to prove a relationship amorg channel fo-matic cy 
VacA, vacuole generation and aiso changes of TER ;Mcr- 
tecucco era/., 1999). 

Mosaicism and geographical variation of VacA 

H. pylori isolates not cytotoxic 'or Heta cells are cher 
identified (Cover ef a/., 1994), but they almost invaraoiy 
contain the vacA gene and, surprisingly, the corresoord- 
Ing protein is expressed in most cases. Little attention 
was initially paid to this class of isolates which were .nfre- 
quently reported in the early literature, and they were thus 
called tox~. However, it is becoming clear that m2 strains 
are more frequent in Western countries than originally 
thought. It has been shown that this lack of vacuolating 
activity is associated with an allelic variation occurring n 
the mid-region of the gene, more precisely in the P58 sub- 
unit (Cover efaA, 1994; Atherton era/., 1995, 1997; Warg 
et al., 1998b). The two alleles are known as ml and m2 
and antisera raised against the ml form of the protein 
poorly recognize the m2 form (Pagliaccia ef a/., 1998). 
Furthermore, the m2 form has been sys;ematicaliy asso- 
ciated with a lack of cytotoxicity in HeLa cells ;Athe r tcn 
etai, 1995). However, this did not fit with :he ooservaticn 
that both ml and m2 isolates are involved m the ceveicc- 
ment of severe forms of gastric disease, thus comting tc 
the toxic character of the m2 strain (Go ef a/., 1998). 
Recently, by expressing the vacA gene intracellular^ n 
HeLa cells, it was shown that m2 cytotoxlns are ;nceed 
active, strongly suggesting that the tack of in vitro activity 
is due to defects in some early step(s) of HeLa cell intoxica- 
tion (Pagliaccia et a!., 1998). Using a combination of bio- 
chemical and genetic techniques, it was shown that m2 
cytotoxins vacuolate RK-13 cell lines and human epitne-iai 
cells, indicating that their lack of activity in HeLa ceils 

O 1999 Blackwall Science Ltd. Molecular Microtoolcgy, 34, :97-2:<i 
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•esUteo frcm 5 pTc.ng defect ,'Pagliacaa et ai. '998V 
Hence. :ne ti2 tcxrs are -ndeea active, as active as the 
mt ar-a confirmee :hat ;he t. region within the ?58 sjount 
is invcrveo m cell omamg. ~he intrinsic activrty of m2 toxins 
was again confirmed when enure oactena were testeo m the 
TER model aescnbed above (Peiicic et ai. ',999). sug- 
gesting that the cell monolayers are likely to have both 
kmo of receptors needea to interact with ,ni- and m2- 
:ype tox;ns. 

The ratio of mi . ~i2 strains diners m different regions of 
the worid: ml ;soiates are *ound more frequently (>80%) 
in South America. Portugal and Spain (Atherton et a/., 
1995, 1997; van Doom et ai, 1999). whereas m2 strains 
are orevalent in China (Pan et a/., 1998). Surprisingly, in 
Japan, a close neighbour of China, ml strains are pre- 
dominant (Ito et ai., 1997; Shimoyama et ai, 1998). in 
northern Europe and North America, about 50% of strains 
are m I . it is likely that in those countries where both alleles 
are present, there *s frequent recombination between ml 
and m2 alleles in the population (Suerbaum et ai, 1998). 
In supoort of this, another variant of the mid-region has 
been described, although with a very low prevalence, in 
which the m region is a half ml region and half m2 region 
hybrid (Atherton ef ai, 1998; Pan et a/.. 1998) and most 
probably arose from Intragastric recombination between 
mi and m2 bacterial populations during mixed infections 
that are indeed frequently found. Untypable mid-region 
populations have also been described and have been 
shown to cluster, indicating a further subfamily of vacA 
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a^eies (Strcbei et ai. *996) ~*vs a.e-ic .'va:if --37 
reonasent a ccevotutlor betweer ne :cxn a^c -.-5- scc- 
types (Covacci era/., 1999). 

in addition, it ~as ceen "ec'ently reccrea "a: r 3 -a* 
cases, tote tox* strains ao exist and cossess -5 5- e^t 
vacA gene or carry mutations ;r the gene sjc^ as r-te—a* 
duplications, 'arge deletions, cr smaii mse^cns :rat :a jse 
truncation of the VacA ?oxm (Ito era/.. 1998) ""^ese r ac:- 
vated toxin genes are consiae'ed :c be cryctc -ones 
which can rje reactivateo cy mutation. Th.s Tvcrocive's :v 
m vacA genetic sequences rejects the gsccal dive-s.'y anc 
plastlcrty of the H. pylon genome {Marsra.l et ai. 1 998*. 

Another type of mosaicism concerning :~e VacA s-gnat 
peptide has been described previously f Atherton et ai.. 
1995, 1997). This classification offers oniy a initec 
amount of information concerning toxic activity because 
the signal peptide is removed during secretion, ^cur 
alleles, namely s1a. s1b. s1cands2, have been cent f ee 
Thus, toxins may exist with differing coronations cf tie 
signal peptide and the mid-region, althougn only ere s:-ar 
with a s2m1 combination has been reoortea so far {Le:iey 
etai t 1999). The s2 signal peptide see^s to be defec::ve 
and consequently leads to a small release of secr?:ea 
toxin (Atherton et ai, 1995, 1997: Cover, 1996). Conse- 
quently, people infected by an s2 toxin-producing strain 
will develop only mild forms of gastric aisease, such as 
gastritis (Atherton et ai, 1997; van Doom et ai. 1998). 
s2 variants are found less frequently and do not seem :o 
have a particular geographical repartition. 
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FI9. 3. MypolheticaJ model of cell intoxication 
by VacA. The torn binds, via its carooxvt- 
terminal domain (PS8). to an unknown 
receptor (R) on me apical portion of eoitheiiat 
calls. Active rronomerlc toxm inserts into ihe 
plasma membrane via hydrophobic orotein- 
llold interactions. The insertion step, wnicn 
also requires the amlno-termlnal doma:n 
(P37), resutts in the formation of an anion 
selective channel. Endocytosis of 'he toxin 
and transport to enoosomes, another P37- 
dependerrt step, is proposed to ncrease :r-e 
anionic permeability of these compartments 
and in turn ennance the vacuolar ATPase 
proton pumping acitvtty in rne presence pf 
wea* bases, m particular :re ammpp'a 
generated by 'he K oytcrf urease. :ne 
enaosamaJ accumulation c* ;smot<:a ,! y act 
acidotropic ions (NH d ~) 's credfeteo -0 
increase. Leading to water nflu* and vesice 
swelling, two essential steps :n vacuole 
formation. Plasma membrane-associated 
channels may aiso trigger, 3y a still u n«~own 
secondary mecnamsm. cr.anges in :ne 
paracellular permeability of poianzea 
epithelial cell monolayers. Alternatively, active 
VacA delivered in the cytosol. formed by P37 
and a region of P58, could act on ceti-ceii 
junctions modifying the TER. 
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Concluding remarks 

A a'ge amount of researcr- -.as n ow oeen carded out on ail 
aspects of VacA biotcgy Genetic studies ^ave shown that 
;he 'oxic activity -s localized mostly in tne 3 37 domain. 
whe r eas tre omdlng activity ts localized in the P58 subunit. 
Aithcugh the cleavage nto the P37 and P58 fragments 
and :he binding activity of the P58 domain relates VacA 
to tne AB-tyoe family, the functional data do not fully sup- 
sort this because 3 smait oortton of the P58 is needed to 
achieve vacuoiation. ""herefore. in the absence of a formal 
demonstration of enzymatic activity and identification of 
the cytosolic target, this classification remains somenow 
elusive. Caution is also suggested by the fact that endocy- 
tosis after surface binding requires the putative active 
domain (P37), whicn might interact with some other co- 
receptor responsible for toxin internalization. Moreover, 
P58 alone lacks pore-forming activity, a property which, 
again, requires the presence of P37. Based on these 
data, it is tempting to speculate that VacA possesses an 
interesting and perhaps unique molecular structure as it 
exhibits structural and intoxication features of both AB 
and pore-forming toxins. Several toxic activities are now 
known, however the definition of the intracellular target 
remains a main challenge for future research. It is still puz- 
zling whether vacuoiation, monolayer TER decrease and 
gastric atrophy represent different manifestations of the 
same toxic activity, or whether they correspond to differ- 
ent activities on different intracellular targets. The recent 
discovery that VacA forms channels at very tow doses 
in artificial lipid bilayers, extended to cellular systems, 
may simplify to some extent the interpretation, linking 
vacuole formation to the ability of VacA to Increase 
anion permeability at the level of plasma membrane and 
endosome (Fig. 3). However, the picture is still Incomplete 
because a connection with the TER changes is so far 
missing. In conclusion, VacA is clearly a key player in 
the development of peptic ulcer, and further understanding 
of its toxicity will require pharmacological, electrophysiolo- 
gical and cellular microbiology approaches. 
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conventional laboratory animal spS«^ h^^^^!^^'"^,, 10 "P«*«»« »« disease in 
were susctpUbl, to C^fen, we .IrX^^w^ST- E JfflSWr'T'^ pMobhtk 
cimeddhH ^Control, housed In -pariTu^S^i ^ p^ot w. ££* th " n 
I. 2, 3, and 4 weeks after challenge. Coiooizatioii h« thmh^Z^T^, i "^J*" wtn "amlned 

perked throughout the SSy^rSS^ we£ rtv^b^ir5r£ tl0n ■"■ k rattC0M 
between the mucus layer and the castrfc ST rfSLZFfzT *L W «f t *»-Starry silver stain to reside 
tr^t reveled that Jb^Srlum ^S^^y^^^^^J^^ 
pathologic* change, were restrkSTS^S Ae^^^^ii^ "T 
-net-eased gastric mucus production and nr^^i— j?^T_T? f^T^ coos * sted <* submucosal edema. 



Chronic gastritis and attendant cunkopathologic entities, 
n as nonulcerous dyspepsia and gastroduodenal ulcer- 
on, are commonly encountered in human gastroenteroi- 
(3. 6). The etiology and pathogenesis of these conditions 
unclear but have been linked to living conditions of high 
*ss characteristic of western society, diet, and possibly 
odenogastnc bile and acid reflux. Symptoms include 
^estion, sternal or epigastric discomfort, generalized 
ominai pain, burping, gastric distention, and halitosis (6) 
umerous nonprescription drugs, chiefly antacids and anti- 
-sung agents, are available, and affected individuals are 
uraged by media advertising to indulge in self-treatment 
tens with these products. 

i emerging candidate agent for the genesis of gastritis or 
ration is a gram-negative spiral bacillus. CVw^ytefcic/er 
n, first cultured from gastric mucosa in 1944 (17) 
v ous workers noted the occurrence of "spirochetes" in 
c tissues, but disease associations were not made (for a 
w, see reference 6). Since that initial report from 

ss (2. 11, 21-24) although not til areu agreement as to 
pathologic significance (8. 14). In attempting to link 
ons to disease processes, most authors emphasize the 

| biopsies (6, 15). When these studies «r* performed 
Hy with the understanding mat gutri* associated 
pylon is a focal or multifocal lesion, the correlation 
s with successful bacterial isolations is high (1, 6. 

tive clinical, pathologic, and immunologic investi- 
are needed to confirm or deny the role of C. pylori in 
- gastritis. Clinical investigations into naturally occur- 
wseases in humans have the disadvantages of patient 

c ' responding author. 



SSSL^H^T 'I '™ 11 ' 1 ™' <*«1 exclusive) diagnos- 
ance with prescribed treatment. Oral infection of human 
ESS?" ^.^y of the* problems buVbrmg, 

needed is an animal model system in which disease factors 

SI of ,22^ "«»*• Umitations inherent «" «2 

use of experimental human subjects can be avoided 
,.1°™* end v°™J challenge of numerous adult and neonatal 
""oratory animal species, including mice. rats, rabbits 
guinea pig,, and germfree rats, has bSn performed (o?D R 
M«jan. unpublished data); all have beeVunsucce sfii? AU 
of these species have the disadvantage of a gastrointestinal 

%%LT** y different thatrfhuaianrSTS is a 
functional mooogastnc mammal with dietary habits and 

^omK^^ ^yuoiotial characteristicslunilar to those 
of humans (9. 12) Thus, the primary objective of this stSy 
^i£ d * ten !T£ lf a™?**** P«Jl«ts are susceptible to oral 
^XE* C \ p y tori . Specifically, we wished to deter- 
rrnae whether gastnc infection is established and what the 

SSfb^^Sf 010 * 0 COtaevitactt of gastritis in- 

rtJWj?** P««ei«ed in part at the annual meeting of 

MATERIALS AND METHODS 

A^mah. A tolai>of 17 gnocobk>€ic domestic Yorkshire 
IHgtets from two litters (8 and 9 per Utter) were used in this 
study. Both Utters were derived from date-mated pregnant 
sows by Caesarian section essentially by procedures de- 
previously (25). Neonatal piglets were transferred 
into sterile pentub isolati n units containing six partitions 
an exten r heat source was applied, and the piglets w re fed 
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FIO. 1. Submucosal lymphoid fofflcie* in the mucosa and submucosa of a piglet challenged orally with C. pylori 32 days previously. 



a diet of Similac plus iron per os three times daily (100 to 150 
mi per feeding). Uninfected controls were maintained in 
separate isolation units. 

Preparation of bacterial Inoculum. Forty-eight-hour broth 
cultures of C. pylori were used to prepare the challenge 
inoculum. Bacteria were grown in brucella broth (Difco 
Laboratories, Detroit, Mich.) supplemented with 10% fetal 
bovine serum and 1% IsoVitakX (BBL Microbiology Sys- 
tems, Cockeysville, Md.) in 50-ml Erienmeyer flasks. Flasks 
were placed in GasPak (BBL Microbiology Systems) jars 
with a CampyPak (BBL Microbiology Systems) to provide 
an appropriate atmosphere, and the jars were shaken on a 
gyratory platform (120 rpm) at 3TC. Cultures were har- 
vested by centriftigatioo, suspended in peptone water, and 
enumerated by standard plate counting before challenge. 

Microbiology. Daily fecal swabs for bacterial cultures were 
taken from aO piglets in litter 1. Swab samples were taken 
from the surfaces of the cardium, fundus, pylorus, and 
duodenal bulb in experiment 1. In experiment 2 t swab 
samples were taken from the stomach regions, oropharynx, 
esophagus, duodenum, jejunum, ileum, spiral colon, termi- 
nal colon, and rectum. Samples were inocula t ed onto GCHI 
agar plates supplemented with trimethoprim, vancomycin, 
polymyxin B sulfate, and amphotericin B (Remel, Lenexa, 
Kans.) for bacterial isolation. Tbe plates were incubated at 
3TC in a GasPak jar for 3 to 7 days. Isolates were identified 
as C. pylori on the basis of Gram stain reaction and xidase, 
catalase, and urease production. 

Experimental design. At 4 and 5 days of age, piglets were 
rendered temporarily achl rhydric by oral administration of 



cimetidine (60 mgfcg). Infected piglets received a suspension 
of C. pylori containing 10 9 CFU in 2.0 ml of peptone water 
orally on day 5 of age after a 12-h fast. Controls received no 
treatment (litter 1) or peptone water alone (litter 2). 

The infection studies were conducted by litter in two 
experiments. Piglets were examined three times daily for 
clinical signs of disease. In experiment 1 (eight piglets), six 
piglets were challenged with 3.8 x 10 9 CFU of C. pylon and 
two piglets were used as controls. Piglets were euthanized 
and examined 1 (two infected and one control), 2 (two 
infected), and 3 (two infected and one control) weeks after 
challenge. At necropsy, the stomachs were opened along the 
longitudinal axis, and swab and tissue samples were col- 
lected from the above-mentioned four anatomical regions. 
Gross lesions, when present, were noted. 

In experiment 2 (aine piglets), six piglets were challenged 
with 4.4 x 10* CFU of C. pylori as described above and three 
piglets were used as negative controls. Piglets were euthan- 
ized and examined 1, 2, and 4 weeks after challenge (two 
infected and one control at each interval). 

Hbtopathology. Tissue samples for histopathotogy were 
taken from sites adjacent to those sampled for microbiology* 
In experiment 1, samples were fixed in 10% neutral buffered 
Formalin. In experiment 2, the stomachs of one infected 
piglet and the uninfected control piglet from each interval 
were removed by ligation and resection and inflated with a 
fixative composed of 4% (v 1/vol) Formalin and 1% (vol/vol) 
gtutaraldehyde in a phosphate buffer (4F1G) formulation 
(18). After fixati n, tissue samples were embedded in par- 
affin and sectioned as 6-tim pieces, and replicates were 
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► FIG. 2. Rare small aggregate of lymphoid cell elements 
atoxylin-eosin stain. 



in 



the lamina propria of the pylorus in an uninfected control piglet. 



ed with hematoxylin-eosin, Warthtn-Starry (WS) silver, 
I Alcian blue-periodic acid-Schiff (PAS) stains. 
I Serology. At necropsy, a terminal serum sample was 
ected from each anesthetized piglet and frozen for the 
quent determination of C. pylori antibody. Sera were 
atcd for the development of antibody by a standard en- 
yme-linked immunosorbent assay. Formalinized broth- 
jfltured C. pylon (10 7 CFU per well) was used as the antigen 
f microliter plates. Alkaline phosphatase-conjugated affin- 
jjf-purified goat anti-swine immunoglobulin G (Bio-Rad 
^oratories, Rockville Centre, N.Y.) was used as the 
ondary reagent for pig antibody. 

RESULTS 

. sl « IW and macroscopic lesions. Infection did not 
ut in grossly visible gastric epitheliaf erosions or uicer- 
05. An increase in luminal gastric mucys in infected 
us control piglets was especially prominent' from 2 
cs after challenge on. Other tissues, including the intes- 
^were unremarkable. In experiment 1. four of six in- 
* piglets exhibited mild transient diarrhea'2 days after 
Uenge; one piglet was listless and mildly anorectic 2 to 4 
\ *fter challenge. In experiment 2, similar results were 
uned; several infected piglets exhibited transient ano- 
a. Prominent submucosal and mucosal lymphoid follicles 
flules) were seen in both infected piglets sacrificed 4 
after challenge (Fig. 1). 

lesions. Hist pathologic lesi ns indicative of 
onic active gastritis were n ted in all piglets infected with 
I Pylori. The intensity and severity of these changes 
^ ased w >tn time. For c nvenience, lesions detected in 
experiments are described together. Microscopic 



changes in uninfected controls were quantitatively similar 
throughout and consisted of occasional mononuclear cells 
found in the submucosa of the gastric fundus and pylorus 
Rare small submucosal lymphoid aggregates were seen (Fib 
2). Neutrophils were never observed. 

One week after challenge with C. pylon, gastric cardiac 
regions contained neutrophilic infiltrates largely restricted to 
the nonglandular (i.e.. epithelial) regions of the cardia 
Neutrophils formed intraepithelial aggregates (microab- 
scesses) and were also present in the lamina propria. Mono- 
nuclear leukocytes were also detected in this region but were 
more prominent in the nonglandular regions. Aggregates of 
cells were present in the submucosal regions and occasion- 
ally obliterated crypt regions. Small lymphoid follicles were 
detected in the cardia. 

Two weeks after challenge, the neutrophilic response had 
resolved. There was a notable increase in the number of 
mononuclear cells in both the submucosa and the lamina 
propria. In the latter regions, discrete lymphofollicular ag- 
gregates were apparent. Three weeks after challenge, the 
microscopic lesions had intensified, chiefly because of the 
infiltration and proliferation of mononuclear cells. Lymphoid 
follicles were prominent and occasionally coalesced to form 
large sheets of cells encompassing both the submucosa and 
the lamina propria (Fig. 3). 

The Alcian blue-PAS histochemical stain is useful in 
determining the ability *f gastric epithelia to secrete various 
general classes of mucopolysaccharides. A deep-blue- 
staining product (Alcian blue) is considered indicative f 
acid mucopolysaccharide (AMP) producti n, whereas a 
PAS-positive reaction product (red) stains predominantly 
neutral mucopolysaccharides (NMPs). Each, of th four 
anatomical regions of the stomach was evaluated for types 
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RG. 3. Lymphoid foUick development in the submucosa and lamina propria of a gnotobiotic piglet 20 days after challenge with C. pylon 
Hematoxytin-eosin stain. 



and ratios of stained cells at the luminal (i.e., superficial 
gastric mucus-secreting epithelium) and deep glandular (mu- 
cus-secreting cell) pits: Tables 1 and 2 summarize these 
findings. 

Controls showed essentially the same pattern of reaction 
over time. At the luminal epithelial surface, AMP production 
predominated in the cranial (cardia and flindus) regions, 
whereas the frequency and intensity of NMP production 
increased in the pylorus and duodenal bulb. In gastric pits, 
the opposite reaction pattern was observed. That is, in the 
cardia and fundus, NMP production predominated, whereas 
in the distal regions, AMP production predominated. 

In infected piglets, there was a reduction in AMP-posttive 
luminal cells in the anterior regions of the stomach in the 
later stages (2 and 4 weeks after challenge) f infection, as 
compared with controls; distal staining patterns remained 
unchanged and were indistinguishable from c ntrol staining 
patterns. Staining patterns in gastric glands in infected 



piglets were indistinguishable from those in controls 1 week 
after challenge. However, 2 and 4 weeks after challenge, 
there was a marked reduction in and depletion of both AMP 
and NMP production by deep gastric glands in sections of 
the ftindus and pylorus. These regions correspond to those in 
which histopathologic lesions associated with C. pylori in- 
fection were most prominent. 

M i crobiology. Table 3 summarizes the results of both WS 
silver staining and bacterial isolation from the stomachs of 
infected and control piglets in both experiments. Organisms 
were recovered from at least one anatomical region from ail 
infected piglets at each examination interval after challenge. 
In experiment 2, organisms were observed in or recovered 
from the esophagus of tw piglets (1 and 4 weeks after 
challenge) and in the duodenum of tw piglets (2 and 4 weeks 
after challenge). In these instances, h wever, the tissues did 
n t exhibit the hist pathologic lesions observ d in the stom- 
ach, and it is most likely that these isolation data reflect 
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\BLE t. Alcian blue-PAS staining patterns in sections of 
gastric mucosa from the three uninfected control 
gnotobiotic piglets of litter 2 



Section and piglet no. 



Cell fUW in ind icated region: 
Anterior Di$m 



Cardia Fundus Pylonjs Duodenal bulb 



LuninaJ surfaces 
















1229 


10 


:i 


4 


:i 


1 


10 


1:10 


N..J227 


4 


I 


1 


:4 


1 


10 


1:10 


86-3228 


10: 


1 


1: 


4 


1 


10 


1:10 


Gastric glands 
















86-3229 


1: 


10 


i: 


10 


1: 


1 


4:1 


86-3227 


i: 


10 


i: 


10 


1: 


1 


10:1 


86-3228 


1: 


10 


1: 


10 


1: 


1 


10:1 



• Data are expressed as the ratio of Alcian blue (AMP>-poutive to PAS 
(HMP'-positive mucus-secreting cells on luminal surfaces and in gastric 



spillover from the stomach which occurred during the ma- 
ajpulati ns performed for gastric ligation and resection. 
Organisms were not recovered from the feces. 
Organisms were not revealed in controls by WS silver 
' ing. In contrast, organisms were revealed by WS silver 
rung in all infected animals in at least one of the four 
omicai regions throughout the 4-week study period, 
^ria were largely restricted to the superficial mucus- 
i.cing layer of the gastric epithelium (Fig. 4). Organisms 
5 extraepithelial in location and appeared to be attached 
the glycocalyx of the cells beneath the acellular mucus 
— Occasionally, organisms were noted in the deeper 
^s of the mucosa. As before, organisms appeared to be 
_ ellular and were restricted to the lumina of occasional 
ed gastric pits. Structurally intact organisms were not 
in the submucosa or lamina propria, 
Ucgjr. Specific antibody to C. pylori was present in 
challenged animal from 2 weeks after challenge on 
e 4). Animals sacrificed 1 week after challenge and all 
I animals, irrespective of the time of sacrifice, had no 
antibody specific for C. pylori. 

DISCUSSION 

data reported in these experiments demonstrated that 
tal gnotobiotic piglets were susceptible to oral chal- 
and subsequent gastric colonization by C. pylori. 
uon appeared to be largely restricted to the stomach 
persisted for longer than 4 weeks after oral challenge, 
organism was not shed in a viable form in the feces and 
~~t appear to colonize other, ooogastric segments of the 
^al tract. Infected piglets were largely asymptomatic, 
scopic lesions, if present, were subde, correlating well 
human gastritis associated with C. pylori. Gastric 
loz resulted in the development of characteristic mi- 
"pic lesions which were first detected as a trajisknt and 
istent neutrophilic infiltration into the nonglandular 
^ Subsequent lymphocytic gastritis of the glandular 
~n of the stomach progressed from focal accumulations 
"i in the submucosa and lamina propria to the formation 
, rete lymph id follicles located in both the submucosa 
j lamina propria. The WS silver stain was useful in 
' ying the site(s) f colonization within the stomach, 
of th organisms were located extracellulariy n the 
ial (luminal) epithelial surface between the epithelial 
id the superficial protective mucus layer. This tropism 



corresponds to similar sites of col nization in humans t6. 7. 
15). When compared with controls, piglets infected with C. 
pylori exhibited histochemical chang s in mucopolysac- 
charide production by gastric mucus-secreting epithelium. 
Grossly, this was manifested as an apparent increase in free 
mucus in the stomach. Histologically, this was manifested 
chiefly as a reduction in the amounts of mucopolysac- 
charides in the deep gastric glands, which correlates with the 
depletion of the mucus layer associated with human gastritis 
(5). The Alcian blue-PAS stain is not quantitative and is 
useful only in identifying trends. Clearly, more precise 
biochemical measures of these changes are needed before 
definitive statements regarding the effects of infection upon 
mucus production can be made. 

The pattern of histologic lesions observed was remarkably 
similar to that observed in humans with gastritis associated 
with C. pylon (6, 15, 23). Others have emphasized neutro- 
philic infiltrates in affected human gastric mucosa (6, 15). In 
piglets, neutrophilic responses were transient, inconsistent, 
and largely restricted to the nonglandular cardia. A consist- 
ent finding in humans is a reduced mucus content in mucosal 
cells (6). Similar changes were apparent in tissue sections 
examined 4 weeks after challenge. It is likely that further 
reductions in mucus production would have occurred with 
time, thereby ultimately mimicking human lesions. This 
phenomenon in piglets remains to be determined, however. 

The development of specific antibody to C. pylon after 
challenge is consistent with a true infection by this bacte- 
rium. Humans with gastric C. pylori infections produce 
specific antibody and, in this way, the porcine model paral- 
lels human disease. Serum antibody may be a useful diag- 
nostic indicator of human C. pylon infections (1, S, 10. 16). 

Except for transient intraepithelial abscesses and atten- 
dant microscopic epithelial erosions in the nonglandular 
(cardiac) portion of the stomach, ulceration of the gastric 

TABLE 2. Alcian blue-PAS staining patterns in sections of 
gastric mucosa from the gnotobiotic piglets of litter 2 
infected with C. pylori 



9VCIMM, Qmj 

postinfection, and 
Pilfctao. 




Ced ratio* in 


indicated 


region: 


Anterior 




Distal 


Cardia 


Fundus 


Pylorus 


Duodenal buib 


Luminal surfaces 










7 










86*3221 


10: 1* 


4:1 


1:10 


1:10 


86-3222 


10:1 


4:1 


1:10 


1:10 


14 








86-3223 


4:1 


1:1 


1:10 


1:10 


86-3224 


4:1 


4:1 


1:10 


1:10 


32 - 








86-3225 


10:1 


1:1 


1:10 


1:10 


86-3226 


1:10 


0* 


1:10 


1:10 


Gastric glands 










7 










86-3221 


1:3 


1:5 


1:1 


4:1 


86-3222 


1:10 


1:10 • 


1:1 


10:1 


14 










86-3223 


1-Kc. 






3:1 


86-3224 


mo 






3:1 


32 










86-3225 


1:10 




1:10 


4:1 


86-3226 


1:10 


1:10 


1:1 


10:1 



* See Table 1. footnote a. 

* 0. A relevant tread) of the mucosa oo the microslide was missing. 
' * i (i.e.,. comptetel^koTtfl AMP or NMPix»c6ofi product). 
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TABLE 3 Microbiological findings m the gastric anatomical regions ot gnotohionc piclcw micctcd *nh <.' />w,.. ( 

So of piglet^ in *hich t»rg,tniNfns *crc 
>iKcr famine toi.il no examined lor h n*lK 



Piglet group and time 
after challenge 



No of piylct* from *hich a vtablc culture 
obiaincd/iutal no examined for indicated region 



Cardia 



Fundus 



Pytonjs 



Duodenal bulb 



Card 1. 1 



FundiiN 



P\ luru\ 



Uninfected controls in = 5) 



0/5 



0/5 



0/5 



0/5 



0/5 



o.'5 



0'5 



Infected piglets 

1 wk in = 4) 

2 wk (n = 4) 

3 wk In = 2) 

4 wk in = 2) 



2/3 
3/3 
2/2 
1/1 



2/3 
2/3 
2/2 
l/l 



2/3 
3/3 
2/2 
l/l 



2/3 
2/3 
2/2 
l/l 



4/4 

2/2 
0/2 



V4 
2 4 

1/2 



M 
2 a 



glandular mucosa in infected piglets was not observed. 
Among domestic animal species, pigs are noted for the 
spontaneous development of gastric ulceration and perfora- 
tion (4, 9, 19. 20). In a sense, this syndrome is incorrectly 
named, since the ulcers are usually restricted to the non- 
glandular (esophageal or cardiac) region of the organ. Al- 



though the pathogenesis is unknown, naturally occurring 
ulceration is seen under conditions of performance stress 
(feeder and finishing operations) and in association unh 
low-roughage diets high in digestible protein, unsaturated 
fat, and carbohydrates. Diets of this nature are though; \. 
predispose ptgs to ulceration by inducing the oversow 




stain. 
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1 *BLE 4. Antibody titer* to C. pylori in sera of gnotobiotic 
control piglets and piglets challenged with C. pyiori 



Piglet no. 



Sacrifice 
interval 
iwk) 



Reciprocal titer* of 
C. pv/on-specnc 
immunoglobulin 0 



Litter 1 
86-1918 (Control) 
86-1917 (Control* 

*. 915 
96-1913 
86-1916 
86-1911 
86-1912 

Utter 2 
86-3229 (Control) 
86-3227 (Control) 
8M228 (Control) 
8 221 
86-3222 
86-3223 
86-3224 
86-3225 
86-3226 



1 
2 
4 
i 
i 
2 
2 
4 
4 



5 
5 
5 
5 

10 



80 



80 
160 



* Dilution factor of pig serum in the last well which produced a positive 
reaction (defined as twice the background). 

of cid (via the release of histamine or serotonin) and 

fdeL/ing the emptying of the stomach (9). These factors are 
thought t disturb the natural pH gradient within the stom- 
ach, thereby permitting the reflux of acid cranially to effect a 
taucus-free and thus unprotected cardiac or esophageal 
— ^lium. Support for this hypothesis is engendered by 
es which have demonstrated that the oral administra- 
of prostaglandin inhibitors (e.g., indomethacin) indi- 
tly enhances the relative acidity within the organ by 
ucing the prostaglandin-mediated formation and release 
wbonate by gastric mucus cells (9). Experimentally, 
erati n can be produced in pigs by parenteral administra- 
i of histamine and reserpine (19, 20). 
i humans, the pathogenesis of gastroduodenal ulcers is 
iy understood (1). An inappropriate production of gas* 
: acid is th ught to be the main precipitating cause of this 
'-dy (6). Support for this concept comes largely from 
al observations which indicate that drags which antag- 
ze acid secretion, namely, cimetidine and ranitidine, 
,r ote the healing of ulcers. There can be no doubt that 
ntinued acid secretion promotes ulceration after initiation 
"ie gastric mucosa, In an otherwise normal individual, it is 
cult to envision a situation in which the overproduction 
~i per se is a primary event It is more likejy that acid 
cti n is an important cofactor that perhaps functions to 
etuate and accentuate ulceration induced by other 
"isms. Gastritis induced by C. pylori may be the 
«t and unrecognized initiator of this common human 
diti n. 

summary, we have shown that neonatal gnotobiotic 
tts are susceptible to infection by a human pathogen, C. 
*">'• The organism colonizes gastric mucosa and repro- _ 
, i many features of the corresponding disease syndrome ~ 
Juimans. Further development and exploitation of this 
"""'mate animal model should permit the discovery of the 
enic mechanisms f gastric disease associated with 
} agent and should ultimately provide insights into a more 
onaJ approach to the diagnosis and treatment of human 
*' ~ disease. 
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ADDENDUM 

Since the original submission of our manuscript, Lambert 
and coworkers (13) published preliminary data for one liner 
of neonatal gnotobiotic piglets demonstrating gastric coloni- 
zation and inflammation following pretrcatment with raniti- 
dine and oral challenge with 10* CFU of C. pylori, A similar 
challenge of conventional, colostrum-deprived piglets failed 
to result in gastric colonization or inflammation. Recent 
experiments in our laboratories demonstrated that challenge 
of conventional, colostrum-deprived piglets with 10* CFU of 
C . pylori also failed to result in gastric colonization or 
inflammation (manuscript in preparation). 
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Establishment of Imfectioa with Helicobacter pylori tad pftritb In ooohuman species is current!) r only 
oJ^rftalhTmoioblodc Pudett. This »tudy was designed to determine whether H. pylon will cotontoe the 
^Su\S^^^SS^!^. GaoU****** pup. were derived byst«dardn^. Group 
MflTdo^Twas orally ctofcofed with 3 x 10* H. pykm at 7 days of aft. Group B (two dogs) re«|yedouly 
rl^IL «ur bul iwM aMteeMoosed beginning ooday 23 postinfection (p.l.). Necropsy was performed on 
SS^dU M d I JTpZrtSSSin ZEmStd all dogs (groups A aad B). Urease map analysis correUted 
wtth ?L^o^ todiS^UMikated that the d^ of colonixanoo w« le» thu * 
^as^nSST™!;^ recovered from the pnarrnx, cwcAagus, dtKKlenm^ rectamy 1 2^ 

; IS^tS^ trt»«tefMe b^co^T^ infected to noninfected dap. 



Helicobacter pylori (formerly Campylobacter pylori) is a 
gram-negative microaerophilic bacterium that causes gastn- 
tis and is associated with oonulcer dyspepsia and gastroduo- 
denal ulcer in humans (6, 18). Oral challenge of volunteers 
results in histologic lesions of chronic active gastritis as well 
as symptoms of dyspepsia (19, 20). Treatment of H.py ton- 
associated gastritis with combinations of antimicrobial 
agents, bismuth, and H-2 antiagonists in humans has met 
with limited success, and recurrence is frequent (10). Be- 
cause of this, the use of human volunteers to study this 
dise«*se entity is not practical, and ade<iuate models for study 
of the pathogenesis of this disease are needed. 

H. pylori will not colonize many of the usual laboratory 
animal species, including conventionally reared rats, mice, 
rabbits, guinea pigs, specific-pathogen-free pigs, cotostrum- 
deprived piglets, and gnotobiotic rats and mice (9; Kra- 
k wkaetal., Second Int. Symp. on C. pylori, in press). We 
and others have shown that the gnotobiotic neonatal ptgtet is 
susceptible to oral infection with H. pylori (15. 10- In this 
model, infection is limited to the stomach, and the lesions 
that develop are those of lymphopUsmacytic gastritu. re- 
sembling human infection (5), The gnotobiotic pig model, 
however, is limited because of the inability to <^uinp«gs 
in the gnotobiotic state far greater than 45 ^ W ^ys becau^ 
of size and nutritional constraints. In addition, study of 
ulcerogenesU may be coofouiided * Ite 
weanling pta to the development of ulcers induced by diet 
iuHTs^^ 

ability to m niwtifclfl the animals in the gnotobiotic condition 
for years, the availability of well-established methods for 
studying immunologic and gastric physiologic responses, 
and the lack of propensity to develop spontaneous ulcers. 
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The objective of this study was to determine whether gno- 
tobiotic dogs are susceptible to gastric infection by H pylori. 

MATERIALS AND METHODS 
Animals. A Utter of seven gnotobiotic beagle pups was 
derived from specific-pathogen-free bitches by standard 
methods (14). They were maintained in sterile Pentub isola- 
tion units and fed a diet of Esbilac (PatAg, Inc., Hampshire. 
HI.). Initially, unchallenged control dogs were housed sepa- 
rately from inoculated dogs. Beginning on day 23 postinfec- 
tion (p.i.), controls were housed together with infected dogs 
to determine whether infection would spread via contact. 

Bacterial Inoculum. A virulent strain of H. pylori, 26695, 
was used. This is a human isolate and is capable of coloniz- 
ing and producing gastritis in gnotobiotic piglets (7). Bacteria 
were grown in 250-ml Eiienmeyer flasks containing brucella 
broth (Difco Laboratories, Detroit, Mich.) supplemented 
with 10% fetal calf serum (BBL Microbiology Systems, 
Cockeysville, Md.). Flasks were incubated at 37°C in a 10% 
CO, atmosphere on a rotary shaker at 150 rpm. Cultures 
were harvested by centriftigation 24 h after inoculau o 
Qogarithmic growth phase), washed, and suspended in pep- 
tone water. Organisms were enumerated with a hemacytot* 
eter and by standard plate count. An inoculum of 3 x 10* 
CFU in 2.0 ml of peptone water was prepared. 

BaperioBtntal design. At 7 days of age, five pups (group A) 
wtreorally challenged with 3 x 10* CFU of H. pylori in 2.0 
ml of peptone water. Group B (two pups) served as controls 
and were given peptone water alone. Group B wasimtiaUy 
housed separately from their infected littermates. On day ' 
p.i., two pups from group A and one from group B were 
gavaged, and the stomach contents were cultured for reiso- 
labon of H. pylori. In order to ascertain whether contact 
infection was possible, the dogs in group B were subse- 
quendy housed with their infected littermates beginning on 
day 23 p.i. Blood samples were collected prior to challenge 
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FIG. 1. Site* of biopsy for urease mapping (see Table 4). 



and then once weekly until the conclusion of the study. The 
leruin was frozen at -20°C and saved for serologic study. 
On day 30 p i., the pups were anesthetized with 3.5 tng of 
x izine and 17.5 mg of ketamine hydrochloride, and a pH 
ctrode was passed into the stomach to measure the gastric 
" in vivo. After this, the pups were killed with an overdose 
pentobarbital. 

Mucosal samples were obtained from the entire gastrotn- 
tinal tract, including the pharynx, esophagus, stomach 
"i, antrum, fundus, and pylorus), duodenum, jejunum, 
, colon, and rectum. The gastrointestinal tract was 
1 for gross lesions, and samples for histopathologic 
r ruination were taken from the same regions as for cul* 
c. Multiple punch biopsies were taken from the stomach 
urease mapping. Scrapings of the gastric mucosa were 
ined for organisms by phase-contrast microscopy. 
Urease mapping. Urease mapping was perf ormed to deter- 
the distribution and to estimate the density of coiooi* 
i by H. pylori in the stomach (12). Three punch biopsies 
were taken from the cardia, Amdus, aqd antrum of the 
mach; one sample was taken from the pylorus (Fig. 1). 
e biopsy samples were incubated for 24 h in sealed 
' rotiter plate wells containing urea, phenol red, and 
um azide in sodium phosphate buffer, pH 6.5. A positive 
was detected by color change (from orange to dark pink) 
the medium, and time until the change occurred was 
crded. The time to positivity of this test has been shown 
, be proportt nal t the number of bacteria present at the 
tpsy site (12). 

Microbiology. Samples taken of st mach contents by 
v age on day 7 p.i. and musocal samples taken from the 
"rotntestinal tract at the completion of the study were 



streaked on blood agar (BBL Microbiology Systems, Cock- 
eysville, Md.) and incubated for 5 to 7 days in a 10% C0 2 
atmosphere. Swab samples of the isolator surfaces and 
samples of the food were similarly cultured. Plates were 
examined for growth after 7 days, and density of infection 
was estimated by counting the number of colonies per plate 
(estimated colony counts). 

Hbtopathoiogy. Samples taken for histologic evaluation 
were fixed in 10% neutral buffered Formalin and embedded 
in paraffin. Sections (6 |tm) were stained with hematoxylin 
and eosin for histopathologic evaluation and with Warthin- 
Starry silver stain for identification and localization of the 
bacteria. 

Serology. H. pylori isolated at the time of necropsy was 
grown for 4 days on 5% sheep blood agar in a 10% C0 2 
atmosphere and used to prepare antigen for an enzyme- 
linked immunosorbent assay (ELISA). Bacteria were har- 
vested in phosphate-buffered saline (PBS) containing 0.02% 
sodium azide (pH 7.4), washed three times, and disrupted by 
sookatioo. Hie preparation of antigen contained 9.5 mg of 
protein per ml and was stored at 4*C until use. 

Antigen was diluted in 0.1 M carbonate buffer (190 tig of 
protein per ml, pH9.6), and 100 pi was added to each well of 
flat-bottomed polystyrene ELISA plates (Immulon II; 
Dynatech, ChantiDy, Va.). Plates were incubated at 4*C for 
16 h to allow coating and then washed three times with wash 
buffer (PBS containing* 0.05% Tween 20 and 0.1% nonfat 
dried milk). A blocking step was performed by incubating 
the wells with 200 of wash buffer at 37*C for 1 h, foil wed 
by aspirati n of the wash buffer. Sera from the dogs were 
diluted in PBS containing 0.05% Tween 20 and added to each 
well (100 til)- Plates were incubated at 37°C for 1 h and then 
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TABLE 1. Microbiological findings in ihc four regions ot ihe stomach ami oiher areas of the gastrointestinal tract 

of gnotobionc dogs infected with H. pylon" 

Grovnh of H pvtiw m culture 

Dog group Stomach Gastrointestinal tract 

and no. , 

Cardia Fundus Antrum Pylorus Phar Esoph Duod Jejun Ileum Colon 



Group A 
















89-1021 


+ 








r 


4- 




89-1022 








+- 




4- 




89-1023 






+ 


4- 








89*1024 








■f 




4- 




89-1025 


+ 






+■ 




4- 


4* 


Group B 
















89-1026 






+ 


4- 








89-1027 


+ 






4- 


+ 


4- 


4- 



- Growth ( + ) or no growth (-) from mucosal tissue samples after 7 days on blood agar in a 10% CO, atmosphere. Phar. Pharynx; Esoph. esophagus 
duodenum: Jejun. jejunum. 



washed three times. Affinity-isolated alkaline phosphatase- 
conjugated rabbit anti-dog immunoglobulin G (IgG; Sigma 
Chemical Co., St. Louis, Mo.) was diluted 1:500 in wash 
buffer, and 100 u.1 was added to each well for 1 h (37°C). 
Wells were washed three limes, and 100 u.1 of substrate 
(5-mg tablet of p-nitrophenyl phosphate dissolved in 10 ml of 
10% dicthanolamine [pH 9.6); Sigma Chemical Co., St. 
Louis, Mo.) was added. After M) min, optical density was 
read at 420 nm (OD 420 ) (reference, 570 nm), and samples 
showing an OD 4l0 of *0.14 units were considered positive. 

RESULTS 

Microbiology. H. pylori colonized the stomachs of ail 
group A dogs (Table 1). Culture of stomach contents ob- 
tained by gavage on day 7 p.i. resulted in recovery of H. 
pylori from the two group A dogs but not from the unex- 
posed group B dogs. However, after 7 days of exposure to 
infected dogs, both group B dogs became colonized (Table 
1), demonstrating that infection may be transmitted by 
contact. All four regions of the stomach were colonized in 
both groups. In addition, H. pylori was recovered from the 
pharynx, esophagus, duodenum, jejunum, and colon of some 
pups (Table 1). Organisms were not recovered from the 
isolator environment, fecal material, or food. 

The degree of colonization as judged by estimated colony 
count was greatest in the stomach, with the fiindk region 
tending to be the most heavily colonized (Table 2). Of the 
contact-exposed dogs, one was heavily colonized and one 
was lightly colonized in the stomach. The remainder of ine 
gastrointestinal tract was lightly or not colonized. 

cnmb-i gad necropsy findings. At no time during the 
study did the dogs appear ill. Gastric pH was variable in the 
group A dots and ranged from 1.1 to 6.4. The gastric pH of 
group B dogs was low (pH 1.4 and 19) asble 3). In contrast 
to infected humans and gnotobiotic pigs, the dogs did not 
exhibit excess gastric mucus production. Gastric ulceration 
did not occur, and gross lesions, when present, were mild 
and consisted of multiple small (<1.0 mm) lymphoid follicles 
in the stomach. It was possible to demonstrate the bacterium 
under phase microscopy in all but one dog. 

Urease mapping. Urease production was most pronounced 
in the fiindic area (Table 4) , which was also the most heavily 
colonized site. Unlike in humans, in whom the time until 
detectable urease-induced color change can be as short as 10 
min, biopsy samples from the d gs required several hours 
for color development to occur, suggesting that bacterial 



colonization in the dog is not as heavy as - humans. Urea*, 
activity was not detectable in lightly colonized areas i-.i<» 
colonies per plate). 

fflstopathoftogy. All dogs had chronic active gastritis char- 
acterized Hy focal to diffuse lymphoplasmacytic cellular 
infiltrates in the lamina propria. Lymphoid follicle formation 
occurred (Fig. 2) and was most prominent in the antrum 
Neutrophils and eosinophils were often associated with the 
lymphoid follicles (Fig. 3) and were also lightly scattered 
along blood vessels and the basal border of the lamina 
propria of all regions of the stomach. Rare pockets ot 
neutrophils and eosinophils were seen. No gastric epithelial 
erosions or ulcerations were observed. In contrast, lesions 
of chronic active gastritis and infiltration of the lamina 
propria with neutrophils or eosinophils have not been ob- 
served in uninfected age-matched gnotobiotic beagle dogs 
maintained under similar conditions and on a similar diet in 
our laboratory (M. J. Radin and S. Krakowka. unpublished 
data). 

Inflammation was mild in the small intestine. Neutrophils 
and eosinophils were scattered in the Lamina propria of the 
duodenum (four and one dog from groups A and B, respec- 
tively) and jejunum (all dogs). Follicular hyperplasia of the 
tonsils and ileal Peyer's patches was seen and probably 
represents a general response to antigenic stimulation. Both 
group B dogs had very mild neutrophilic-lymphocytic esoph- 
agitis. The group B dog with a positive colonic culture also 
had mild lymphoid follicle development in the colon. 



TABLE 2. Estimated colony counts from the four regions of the 
stomach and gastrointestinal tract of gnotobiotic 
dogs infected with H pylori 



Doe group 

Ifid BO. 



Group A 
89-1021 
89-1022 
89-1023 
89-1024 
89-1025 

Group B 
89-1026 
89-1027 



No. of colonics* 


Carta 


Fundus 


Antrum 


Pylorus 


GI tract 


100-200 
100-200 

50-100 
100-200 

>500 


>500 
50-100 

>500 
50-100 

>500 


50-100 
50-100 
>500 
<10 
>500 


50-100 
<10 
100-200 
<10 
<10 


<10 
<10 
<10 
<10 
<10 


<10 
200-500 


<10 
>500 


<10 
>500 


<10 
10-50 


0 

<10 



- Number of colonies that grew on a plate after streaking with >.m.ur 
amounts of mucosal samples. GI. Gastrointestinal. 
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TABLE 3. Gross observations for gnotobiotic doss 
infected with H. pylori 



Dog gf<> u P 
and no. 



Lymphoid 
follicles- 



Excess luminal 
mucus* 



Gastric 
PH 



Group A 
89-1021 
89-1022 
89-1023 
<9-1024 
H9-1025 

Group B 
89-1026 
89-1027 



3.3 
6.4 
1.6 
2.2 
1.1 

1.9 
1.4 



<h rcsion (rum - 

* Organisms present ( + ) or absent ( 
served by phase -contrast microscopy 



Organisms* 



+ 
+ 



Increasing severity of lesion from - to 3. 

Onanisms onuni < + \ <~ »k-*. in gwic mucosaJ iCnp u lgi ^ 
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TABLE 4. Results of gastric urease mapping of the stomach of 
gnotobiotic dogs infected with H. pyhri 



Dog group 
and no. 



Presence of urease ai stomach < 



Group A 












89-1021 






•f 




+ + - + 


89-1022 




+■ 


+ 






89-1023 






+• 




+ ♦ - + 


89-1024 


+ 


+ 


+• 






89-1025 




+• 


♦ 




* - - - _ 


Group B 












89-1026 












89-1027 


+ 








* ♦ * + ♦ 



rrvscacet+joraosence (-) of urease based on color ch**** .a*, h k 
incul^ 



H. pylori was demonstrated in all regions of the stomach 
by Warthin-Starry silver staining. Bacterial colonization 
occurred on the surface of the stomach and appeared to be 
heaviest in the gastric pits. The bacteria were closely asso- 
ciated with the apical surface of the gastric epithelial cells, 
beneath the mucus layer (Fig. 4). Bacteria were not detected 
in Warthin-Starry-stained sections in any other area of the 
gastrointestinal tract. 

Serology . Four group A dogs developed serum IgG specific 
f r H, pylon by day 14 p.i., and all seroconverted by day 30 
p. i. (Table 5). The heavily colonized group B pup had a titer 



of 1:200 on H^y 30 p.i., indicating that seroconversion may 
occur as early as 1 week after exposure. The second contact- 
exposed pup did not have detectable IgG at the end of the 
experiment, which may be related to the light colonization 
observed in this animal. 

DISCUSSION 

H. pylori colonizes the stomach of gnotobiotic dogs fol- 
lowing oral challenge. The infection persists for at least 1 
month after inoculation and, as in the gnotobiotic pig model 
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HO. 3. Inffltiatiooc/neutiop^ ! 
oral challenge with H. pylori. Hematoxylin-eosin sUin. 



(15), appears to be asymptomatic. It should be noted that 
colonization of the gnotobiotic dog stomach as determined 
by urease mapping and histopathologic e xamin a ti on is not as 
marked as in human patients (12) or gnotobtotk piglets (15). 
In addition, the distribution of the infection is different, with 
the ftindk mucosa being predominantly colonized in the dog 
versus the antrum in humans. This is consistent with the 
hypothesis that the human is the primary host of H. pylori. 

In contrast to pigs and hufl»* n « infected with H. pylori, in 
which colonization is restricted to the stomach, H. pylori 
was recovered by culture from other areas of the gastroin- 
testinal tract of the gnotobiotic dog. We cannot entirely 
exclude the possibility that H. pylori reisolated from sites 
other than the stomach represents organisms transiently 
passing through the gastrointestinal tract. However, because 
of the presence of associated miM microscopic lesions in the 
esophagus, duodenum, jejunum, and colon in the dogs, the 
possibility of colonization of other regions of the gastroin- 
testinal tract must be considered. 

The lesions of chronic active gastritis in the dogs resem- 
bled those seen in humans (5 , 18, 22). Like humans , the dogs 
develop a lymphoplasmacytic gastritis with continued infil- 
tration f neutrophils. This differs from the gnotobwfcc 
piglet, in which the neutrophilic infiltration is transient (15), 
and may suggest that infectious gastritis in the dog more 
cl seiy resembles the human conditi n. Unlike in gnotobi- 
otic pigs, gastritis in the dogs was associated with a mild 
eosinophilic infiltrate in the areas of inflammati n. Eosino- 



philic infiltration has been reported in acute H. pylori gas- 
tritis in humans (8, 20). Eosinophilic inflammation is more 
often associated with parasitic infestation or allergic re- 
sponses than with bacterial infection in both dogs and 
humans. These pups were- derived from specific-pathogen* 
free bitches on a strict deworming program, so it is unlikely 
that the presence of eosinophils was the result of larval 
migration An allergic response to other environmental arn 
tigens is also unlikely. Age-matched gnotobiotic pups reared 
under similar conditions do not have eosinophilic infiltrates 
or gastritis. It is probable that the presence f these inflam- 
matory cells represents an aspect of host immune response 
to H. pylori. a . u 

Macroscopic lesions in the dogs, when present, were mtfa 
which is similar to the case of gnotobiotic piglets and * 
majority of humans with H. pylori-associated gastritis 
ceretion was not observed. The pathogenesis of gastro 
denal ulceration in humans infected with H. pylori is pi 
ably multifectorial (10). It is likely that interaction of o 
environmental promoting agents, such as nonsteroidal art 
inflammatory drugs, smoking, and alcohol, with H. * 
gastritis may be required for ulcerogenesis. The gnot 
dog model should provide a system by which these fi 
may be tested. . „ . rt % 

Most of the pups had a fasting gastnc pH of less than r 
one pup had a gastric pH of 6.4. By 5 weeks of age. non" 
beagle dogs tend t maintain a resting gastnc pH ot 3 or i 
and are capable of responding to histamine and pentagasi 
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t FIG. 4. Warthin-Starry stain showing the 
mact -exposed gnotobtotk dog. 



location of H. pylon on the surface of the gastric epithelial cells in a gastric pit of a 



H. pylori infection has been associated with transient 
xhlorhydria in humans (11, 20, 21). Neutralization of 
ric acid or inhibition of acid production by the bacteria 
»y be an integral part of the disease syndrome. Recent 
* J ies suggest that H. pylori is capable of inhibiting acid 
etion of parietal cells in vitro and that this inhibition may 
uire attachment of H. pylori to gastric epithelial cells (2, 
I* Studies with humans have shown that H. pylori may exist 
stomach under a variety of gastric acid secretory 
and the time sequence and importance of hypochlor- 
i is unknown (1). In the gnotobtotic dogs* the gastric 

&LE 5. Serum IgG antibody response to H. pylori o\tx time 
as measured by ELiSA 

laC (BUSA titer) oa day pJi: 



I oo. 



14 



21 



A 

1021 
1022 
1023 
1024 
1025 
>B 
L 1026 
-1027 



1:200 
1:25 
1:50 
1:50 



1:50 
1:100 

1:50 
1:20 



1:50 
21:400. 
1:25 
1:200 
£1:400 



1:200 



^ot detectable. 



pH measured 1 or 3 weeks after challenge was not correlated 
to either severity of histologic lesions or number of bacteria 
recovered. 

It is unknown how H, pylori is transmitted or what the 
source is for reinfection of treated patients. Our data show 
that H. pylon is transmissible by contact from infected to 
uninfected dogs. The mechanism by which this transmission 
occurs was not determined and may be either oral -oral or 
fecal-oral. The presence of mild esophagi tis in the two 
contact-exposed dogs suggests that colonization rostral to 
the stomach plays a role in early infection and transmission 
of H. pylori. In a recent survey, H. pylori was isolated from 
dental plaque of one human patient with concurrent gastritis. 
(13). Further work is needed in this area. 

Most of the group A pups had detectable specific IgG titers 
for H. pylori by 2 weeks postchallenge. Seroconversion may 
take place as early as 1 week after exposure, as seen in the 
one contact-exposed dog, and may be related to the severity 
or duration of colonization. This rapid rise in serum IgG is in 
contrast to that seen in humans, in whom 3 or more weeks 
may be required to produce a detectable IgG response (8, 
20). As in humans, rising IgG titers in dogs were n t 
accompanied by clearing of the infection. 

In conclusi n, H. pylori will persistently colonize the 
gastric muc sa of gnot biotic d gs for at least 1 month. The 
resultant disease syndrom resembles the human condition, 
with the producti n of chronic active gastritis and serocon- 
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version. In addition, H. pylori may be transmitted by c ntact 
from infected to uninfected dogs. Despite the apparent 
differences in degree and distribution of colonization com- 
pared with humans, our data indicate that the gnotobiotic 
d g may provide a good model for the study of therapeutic 
regimens as well as strategies for th prevention of transmis- 
sion and early colonization by this human pathogen. 
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Summary 

The gram negative, microacrophilic bacterium Helicobacter pylori colonizes the human gastric 
mucosa end establishes a chronic infection thar is tightly associated with atrophic gastritis, peptic 
ulcer, and gastric carcinoma. Cloning of the H. pyhri cytotoxin gene shows that the protein 
is synthasiaed as a 140 -kD precursor chit is processed to a 94-kD fully active toxin. Oral 
administration to miee of the purified protein caused ulceration and gastric lesions that 

bear some similarities to the pathology observed in humans. The eloning of the cytotoxin gene 
and the devaloprnent of a mouse modal of human gastric disease will provide the basis for the 
understanding of W. pyhri pathogenesis and the development of therapeutics and vaccines. 



The recently discovered, gram negative, microacrophilic 
bacterium Helicobacter pylori colonize* the human gas- 
eric mucou and establishes a chronic infection that is tightly 
associated with atrophic gastritis, peptic ulcer, and gastric 
carcinoma (1-5). H. pylori infection is a worldwide problem, 
since in developing countries it affects over 60% of the popu- 
lation older than 20. Also in developed countries the Infec- 
tion is present in 20% of the population by the age of 30 
ruing to over 50% by the age of 60, Clinical isolates of 
H pylari can be classified into two groups based on the ores* 
•oca or absence of the vacuolating cytotoxin (6, 7) whose 
expression is linked to a surface exposed immu nodominant 
antigen (CagA) (8, 9). Since high titers of serum antibodies 
to the CagA protein ara detected in all patients with duo- 
denal ulcer (8) and most of chose with gastric esreinoma (10, 
11). it has been proposed that disease development requires 
infection with cytotoxin-producing strains. 

The cytotoxin causa* massive vacuoladoo in several mam- 
malian oell lines (6). and similar vacuole* have also bees ob- 
'trved in the gastric epithelia of patients with active ehronie 
gastritis associated with H, pylori infection (12). indicating 
that the cytotoxin can contribute significantly to the patho- 
gt&tsis of gastritis. Cell vacuolacton in vitro can be blocked 
?nd reversed by inhibitors of V-typc ATFases and potentiated 
by inhibitors of the Ni'-K' ATftse (13, 14), suggesting 
" ut l he m e c h anis m of action of the toxin is due to aberrant 
c-Hoo transport within the target cells. The purified toxin 



has been described as a protein of ~87 kD that is found in 
the bacterial culture supernatant!, and the sequence of the 
NHa-terminal 23 amino acids has been determined (7). 

Despite the epidemiological correlation between infection 
with cytotoxic strains and disease (8) and the in vitro evi- 
dence for the presence of a cytotoxin. the in vivo roles of 
infection and cytotoxin have not been established due to the 
lack of a suitable animal model. K pylori doe* not colonize 
the gastric mucou of mice or other small laboratory animals. 
To over com e this limitation, we administered H. pylori ex- 
tracts and purified cytotoxin orally to mice. Using this model, 
extracts from cytotoxic HI pylori strains and purified cytotoxin 
induced a gastric pathology with some similarities to that 
observed in H. py/orf- associated human disease. 

In addition, we have cloned the gene coding for the 
cytot oxin responsible for the gastric lesions and determined 
the nu cleo t i d e sequence. Antisera against recombinant frag- 
ments of che toxin were used to study che synthesis and pro- 
cessing of the protein. 

MeearUla «a4 Mothoda 

Purtfitadtm ef the Cytouaeto. Hade activity was eoncentrafiad from 
H. pyimfi culture supernatant by precipitation with 90% ammo- 
nium sulphate, recovered in 20 raM sodium phosphate buffet, pH 
7.0. and applied t s CM-Sepharot« CL-6B column. The tarn 
was eluced with a gradient of 0-0.5 M Nad SDS-PAGE of frac- 
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rions cluted at ~130 ojM NsCl indicated purification to h mo- 
geneity of a 94-kD pro can that was recognized by ajui»en railed 
against reromhinam Auum protein*. Tfcc purified material contained 
no detectable areata either by tnununoblot using ur*at*-ipcci£c 
antibodies or by eniymatsc activity (IS). 

Treatment of Mkc 6-wk-old BALB/c mice were deprived of food 
but allowed free access to water. After 24 h the mice received an 
admiauaiaorj of saline alone (0.5 ml) or containing 5 fig of purified 
cytotoxin or 100 Mg of H. pylori sonic extract. T%e samples were 
introduced via catheter inserted into the eosopbagus to e&jure 
delivery. The administratiou was repeated after 46 h. After a fur- 
ther 4fl h, the mice were killed end portions of the gastric mucosa 
were nxtd iu 4% form*] in and embedded in paraxnn. 7 pm tec 
tious were cut. rehydracad, and icained in bcmatcaciUu and eosin. 

Gene Cloning and Sequencing H. pylori DNA was prepared and 
plasmid libraries were prepared as described previously (8). Two 
oligonucleotide mixrures were prepared: one containing all pos- 
sible combinations of the codooi cooing tor the amino acid sequence 
APFTTV and one complementary to all combination* of the se- 
quence GTAVCT. These mixes were used at a concentration of 4 
fiM with 100 og of ratal //. pylori DNA in a polymerase chain 
reaction with laq polymerase. The reaction was cycled through 
1 min at 2 min ar 4£ D C. and 2 tnin at 72«C 30 times. The 

product of the degenerate PGR was labeled by random priming 
and used to screen a library of Hindi 1 1 restriction fragments cloned 
in the bluescript SK( + ) plasmid. An ~3 lebp fragment was iso- 
lated that contained the first 273 bp of the coding sequence. A 
120-bp fragment was derived from the 3-kb fragment by digestion 
with EcoSU and was used to screen a library of EcoRl fragments. 
Clones containing an ^7-kb overlapping fragment were isolated. 
The nucleotide sequence of the coding region and flanking regions 
of rh» g«na were determined using tha Saquenaie 2.0 kit (United 
States Biochemical Corp.. Cleveland, OH). Sequence analysis pro- 
grams used were Word search. PastA. and Peptides crucrure as im- 
plemented in Version 7 of the Generics Computer Group sequence 
analysis package, 

Expression of Cytotoxin Fragments. DNA fragments containing 
the sequences coding for amino acids 34-132 (region A), amino 
acids 262-438 (region B), amino adds 791-1,000 (region C). amino 
acids 1,001 1421 (region D). and amino acids 1096-1220 (region 
E) wer» prepared tuner by PC P. or restriction caeyme digestion 
of the cloned gene and cloned, in frame, in the appropriate version 
of the expression vector pcx34 (16). Fusion proteins were extracted 
from Escherichia coh' harboring the plainiiili as described (17) and 
purified by SDS-PAGE before the immunization of rabbits. 

Preparation of H. pylori Proteins. Ibtal proteins were extracted 
from H. pylori cells using 6 M guanidanium hydrochloride as 
descrfbed (6). Culture supernatants were concen crated by preci- 
pitation with 50% am i min l mn sulphate. The precipitate was 
rasuspendad in phosphate bu ff ere d saline and dielyzcd against the 
same bumrr. 

Protein Sequencing. rVotein fragments were elecrroelured after 
PAGE, applied Co ProSpin lubes and sequenced in a pulsed liquid 
protein sequencer (model 477 A; both from Applied Bioiyirems, 
Inc.. Foster Cry, CA). 

PCR Analysis of Cytotoxin Negative Strains. Based on the se- 
quence shown in Pig. 2, oHgonudeorides of length 20 were pre- 
pared to amplify the following regions of the sequence: Nucleo- 
tides 1-7*0, 332-9*4. 768-1,464. 1.468-2,692, 2,646-3,693, 
3.259-3,925. and 3.861-4.087. The products of PCR using the 
cloned gene total DNA from three cytotoxic strains (CCXJG 17874. 
60190, G39), and three cytotcerin negative strains (TX30, G21, GS0) 
were analyzed by agarose gel electrophoresis. 



Remit* 

A Model ofH. pylori-induced Ulceration. Oral administra- 
tion tu mice of a sonicate of a cyt toxin producing strain 
of H. pylori caused epithelial vacuolation and innltnoon of 
mononuclear inflammatory ceils in the lamina propria (Ftg. 
1 i). The vacuolation of cells seen in the proximity of tha 
more severe epithelial lesions has also been observed in pa- 
tients suffering from ff pylori associated active chronic gas- 
trins (12) and can be induced by the cytotoxin in cdls in vitro 
(6). Occasional ulceration with substitution of the mucosal 
tissue with early stage granulation tissue and loss of gastric 
gland structure was observed (Fig. 1 c). Administration of 
saline did not cause any significant mucosal damage (Kg. 1 
a). Administration of sonic extract from a noncyrotoxic strain 
of H. pylori (G21) did not cause epithelial lesions and resulted 
in gastric histology essentially identical to that shown in Fig. 
1 a. Thus, in this model, we have produced erosive lesions 
in the murine gastric mucosa and confirmed the association 
of these lesions with cytotoxin producing strains. 

Administration of vacuolating cytotoxin, purified to homo- 
geneity, caused similar epithelial lesions in the absence of ex- 
tensive inflammation. Of six mice treated with purified toxin, 
all revealed localized regions of cell necrosis accompanied by 
loss of cytoplasm and general loss of gastric gland arcfutecruxe 
(Pig- Id). In two of the six mice, gastric ulceration was afso 
observed (Fig. 1, e and/). The okeraxion was characterized 
by focal mucosal injury and the presence of lnfiammatory 
exudate within the healing tissue Of 10 control mice and 
6 mice administered with 3 j*g of purified H. pylori urease, 
all showed normal gastric histology (data not snown). We 
conclude that the cytotoxin alone is responsible for most 
H, pykn-induccd epithelial erosion, 

7*r Cytotoxin Gene lb isolate the gene coding for the 
cytotoxin, two oligonucleotide mixtures were prepared cor* 
responding to the sequences capable of coding for the first 
6 amino acids and complementary to the last 6 amino acids 
of the 23 known NH*- terminal srnino acids (7). The mix- 
tures were completely degenerate at the third base of every 
codon. A polymerase chain reaction was carried out with 
total DNA from strain CCUG 17874 of H pylori and a frag- 
ment of the e ap e a cd size was c4»tsaned. The PCR product 
was used to probe a library off/, pylori DNA digested with 
Hindlll and cloned in the blueeeript plaarnid vector. Clones 
containing an f 3»lcbp insert were isolated. Clones containing 
an ~7-kbp insert that overlapped with 120 bp of the Hindlll 
clone were subsequently isolated from a library of EcoRI re- 
striction fragments. These two fragments contained the com* 
plcte gene, The gene contains a single long open reading frame 
capable of coding for a protein of 1.296 amino acids with 
a calculated molecular mass of 139.7 kD f^V^ by consensus 
promoter sequences, the ribosoxne binding site; and termi- 
nator sequences (18, 19) (fig. 2). The first 33 amino acids 
of the putative gene product resemble bacterial signal pep- 
tides (20) suggesting that the protein is exported by a xef* 
dependent medunism. From potation 34-56 the sequence 
is identical to the 23 amino acids determined by NHr«** 
minal sequencing of the purified cytotoxin. 
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1. Cell wuelaeion end demag* to cSe fMiric mum* i nrfcir ad W. j^Im cyvocojcU. {<) CUscric muoos* of a ocmtral mouse treated with 
*W (100 x). (b aad c) Gastric mucou of a mouse treated with H. pyto*i sonicated (1.000* and 200*). r «d/) Gtsthc mucosa of i mouse treated 
with pun£ed cyrotaoun (200*). 



Characterization of the Cytotaxin Gem Products. Different 
egions of the gene were «or«ied in £ coli as fusion pro- 
dns and used to obtain rabbit antisera (fragments A-E In 
ng. 3 a). Antiscra against peptides A, B, and C (Kg. 3 a) 
ccngniacd a 94-kD polypeptide in both ceil extracts and cul- 
ure supernatant (Hg. 3 i, lanes J -J and 6-8) of H. /ybri. 
\atuexa against eke COOH-tcrminal region (peptides D end 
- in Hg. 3 *), tailed to recognise this protein, however in 



the cell extracts they recognized a polypeptide of ~33 kD 
(Hg. 3 i, lanes 9 and 10). This fragment was barely detect- 
able in the supernatant fraction (Fig. 3 b % lanes 4 and J) sup 
gating that the 94-kD active toxin is released from the ceU 
after elcevegc of che COOH-cerrninel fragment of the pre- 
cursor. 

In the culture Supernatant, the polypeptide wu fur- 

ther procewed to produce a 37-kD NHa-terminel fragment 
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pwMrtmly detrrraiDed i«a tot npsaad fapdfopbfc moHf «r alio unlfirlmcd. 

wd a 38*kD COOH-trrmiiial tngmeoc (Fig. 3 b. lanes 2-J). 
Thoc rwc polypcpcidcs copurificd on cattonic cxdungt chro- 
matognpby with the 95-kD molecule suggesting that the 
fragments remain auocuced after cleavage. NHrtcnnlnal se- 
qu«neing of eke gd-purificd 5a-kO fragment revealed that 



ATC 



C 



JTOr 



33kO» 



ssao>« 



.I7kf>a 



94 
67 

45 
30 



ABCDE A B C D E a a 



• t 



WOC T t II V I tf a 9 I I v i llA*(l Ml Kill ki PIMIkirMSTTATe 1111 



1 2 a 4 j 



«H0L£Cai8 err 



™w ^.K ^^^^ fw « « *A>W strain CCUC 1787- 

probed wjth incisen agamir region A (lanes J and fl. repoo B (luc* 
2 and 7) ^o C (lane, J and II). re^on D (lanss /a^) or r£ 

a cytotown negtti*, main (G2I) proM with neiseo tgiiwt ngioo ^ 



this ^processing occurs after the aianinc at position 352 This 
»idue is contained in a vtry l^pnilic region thee include, 
a snon almost perfect repeat of the sequence AKNDKXES. 
Cleavage occurs between the alanine and the lysine of toe 
second repeat. Secondary structure predictions indicate due 
this region forms a flexible expoied loop in the proeeio. 

Noncytctaxk Strains Contain a Silent Cytttaxi* Cm* The 
antuera railed to detect the cvtocaxin in cither the cell ex- 
nets ox auture supernatant or cycotoxin negative itrains (Hg. 
3 » L lanes 11 and 12). The structure of the cytotcoun gene 
in three cyxoxaxin ponnve and three cytotoxin negative strains 
was analyjed by PCR using a panel of seven pain of oligo- 
nucleotide primers smnninf the complete gene. AH pain of 
primers v«d resulted in DNA Iragments of the same length 
as ma tured by agarose gel electrophoresis, indicating no major 
ttarrangement of the gene (dau not shown). This is in coo* 
MKto the cagA gene which is completely absent in cytotoxin 
negarivestrajris. \^coriclude that rise cytotoxiD getie is pmfflt 
also in noricyrotoxic strains but it is not expressed. The reason 
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for the lack of expression of the gene and itj relationship with 
the cagA gene will require further study, 

Discussion 

We have described a model that reproduce* in mice prom- 
inent aspects of chc pathology associated with H. pybri infix- 
rion in human*. Gaitric lesions were found after administra- 
tion of sonic attracts and the purified cytotcoon bom H. pylori. 
The lesions observed after administration of sonic extract 
reproduced sever*! aspects of the histological lesions observed 
in biopsies from patients suffering from gastric ulcer disease, 
including epithelial vacuolation, mucosal erosion, necrosis, 
and ulceration. Sonicate-induced lesions lacked the neutro- 
phil infiltration of the epithelium chat is characteristic of 
H. ^fon-associated gastritis in human*, suggesting that live 
bacteria may cause additional inflammation that the extracts 
fail to induce. It cannot be excluded however that there may 
be species differences in the inflammatory response. 

The lesions induced by the purified cytocoxin wore less se- 
vere than th se obtained with the tonic ever act, bowsver thoy 
clearly showed extensive tissue damage and mucosal erosion. 
In particular, little if any inflammatory eell infiltration of the 
lamina propria was observed. A positive relationship between 
erosion and intraepithelial granulocytes has been observed in 
H. ^Ion-induced gastritis (21). however, the topography of 
the granulocytes did not necessarily overlap that of the epi- 
thelial er sion*. It is likely, therefore, thai the tuxin induced 
erosi n is due to direct cytotoxicity rather than an indirect 
inflammatory mechanism. 



The sonicate induced larger, and more abundant vacuoles 
than the purified cytotoxin. In vitro, the presence of ammonia 
increases the uie and number of toxin induced vacuoles (22) 
In vivo, the presence of the powerful H, pylori urease pro- 
vides the ammonia that may account for the enlarged vacuoles. 
At this stage we cannot exclude the possibility that addi- 
tional molecules present in the sonicate may contribute to 
worsening of the lesions initiated by the cytotoxin. In partic- 
ular, bacterial lipopolysaccharidc may contribute to the in- 
creased inflammatory cell Infiltration of the lamina propria. 
However the observation that extracts from noncycotoxic 
strains are unable to induce epithelial lesions in our model 
clearly indicates that the cytotoxin is necessary to induce the 
gastric damage. Since the toxin alone is able to induce i u mite 
the mucosal erosion observed in human gastritis, we believe 
we hove fulfilled Koch's postulates in a molecular fashion for 
this particular aspect of the disease. 

The model we have described has several advantages over 
the existing models of H. pylari infection because it overcomes 
the inability of tt pylori to coloniae small laboratory animal* 
and the necessity to use surrogate Helicobacter species such 
as H. felis. In addition, pathology is induced in a period of 
time that it very ihort compared to the long lasting experi- 
ment! involving gnotobiocic piglets and monkeys. 

The availability of this mouse model of disease combined 
with the knowledge of the structure of the cytotoxin gene 
and protein represent the basic tools for understanding the 
molecular mechanisms of H. wkri-induced disease leading 
the way to the development of therapeutics and vaccines to 
combat such au important human pathogen. 
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Abstract 

Over the last decade animal model* have been used extensively to investigate disease processes and therapy for Helicobacter 
pyiort infections The H. pylon animal models which have been used in pathogenesis and vaccine studies include the gnoto'biotic 
pig, non-human primates, cat:;, dogs, and several species of rodents including mice. rats, gerbils and guinea pigs. H /c/« 
infection of mice and K muie^ae infection of ferrets have *lso been used. Recemly. investigators have begun using transgenic 
mice and gene-targeted 'knock-out' mice to investigate tW*cohactc infections Each of the*c animal models has distinct 
advantages and disadvantages which are discussed in this mimreview. Toe choice of an animal model is dictated by factors such 
as cost and an understanding of how each model will or will not allow fulfillment of exp erim ental objectives p 1999 
Federation of European Micrnbiological Societies. Published by Elsevier Science B V All rights reserved. 

tfc«mWj Hclkohor.tcr pylon vac* inc. Transgenic mouse: Gene-urected knock-out tousc. Gnotob*rnc 015. Hdkttheat* f**'s: tfc/fc»Aaccr 
tnusrrfac Ferret 



1. Introduction 

Heltcabacter animal models have been used to ex* 
amine (1) antimicrobial therapies. (2) the oncogenic 
potential of Helicobacter infections, (3) Helicobacter 
virulence factors. (4) host responses to Helicobacter 
infections and (5) Helicobacter vaccine development 
This miriireview will focus on gastric Helicobacters 
which can be propagated ir culture and which have 
been used to study host res{«onses and vaccine dcvel- 
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opment. For a more extensive discussion of other 
Helicobacter species and their use in both host re- 
sponses and non-immunologic research, the reader 
is referred to the excellent recent reviews by Fox 
and Lee [1] and by Eaton [2]. . 

For purposes of this minirtview Helicobacter ani- 
mal models can be subdivided into H pylori animal 
models and animal models utilizing other gastnc 
Helicobacters (Table 1). Of the H pylori animal 
models. non-human primate models arc ultimately 
the most similar to humans but are also the most 
expensive animal models and are also beset with eth- 
ical and endangered species issues. The use of non- 
human primate H pylori models is also discussed 
elsewhere in this volume by Dubois. 
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Helicobacter aninul model* 



//. /ii /nn in amaais 

Non-Human pnnurei 
Gnotobioric p»|5 
Cm. dop 

GcrbiU and guinea Dipt 
Mice jml rats 

Other gj«.tnc Wdtco*Wt 

H. /c/m in cat*, mice, wr . 
»t'Mf t w/t <n ferret* 



2, /7>/on' animal models 

2 I. Gnntobwttc ptgs 

Perhaps the first H pylori animal model to be 
desenbed was the gnotohotic piglet. This animal 
model has been extremely useful in helping to dem- 
onstrate thai putative h pylori virulence Factors 
such as urease and motility arc required for produc- 
tivc infection [3A). Although barrier-bom pigs have 
also been infected «ath H. pylon and germ-free pig- 
lets can be conventionalize after infection, utiliza- 
tion of this model docs require a specialized faalitv 
where the piglets can either be derived by cesarean 
section or. at a minimum be delivered and main- 
tained under barrier conditions. In addition, while 
infected piglets have been followed for up to 120 
day*, they grow quite rapid'y and it becomes imprac- 
tical to continue to house ihcm much beyond 60 
days. The character of inflammation induced after 
infection of piglets differs 'rom human infection in 
that while lymphocytes/plasma cells are present in 
both, in contrast to adult humans, infected piglets 
generally exhibit few neutrophils. In this sense, the 
H /»>/or»-,nfccted piglet mi.fht be a good model for 
H. pylo-i-mrttbd pediatric patients who also exhibit 
few neutrophils. Both grc*. tad microscopic ulcers 
have also been reported in infected piglets, adding 
further credence to this model [5J. One published 
vaccine study with H pylo,, and piglets utilized ei- 
ther ral immunization in the absence of an adjuvant 
or parenteral immunization and reported onlv mod- 
est reductions in bacterial load but increased pathol- 
ogy (including neutrophils) n immunized, challenged 



piglets [ft] Despite the feet that the H pvf 0 r, infec 
ton of piglets is a relatively sood disease model it* 
has not been wdely used in immunology/vaccL 
studies, probably , R part due to its cost and 2 
need for specialized facilities. 

22. Ongs a»d c «/* 

A single report of H. pyhn infection of gnoto- 
biouc beagle dog pups has been published [71 
Although the pathology observed in infected pups 
closely reproduced human patholoev. the bacterial 
load appeared to be low and no overt disease or 
symptom* were noted The H. P} („ri dog model 
ha* not been used in immunology or vaccine studies 
Natural or experimental // prion infection of do 
mestic cars has also been reported [8.9] Infected 
cats developed a lymphorolheular gastritis with small 
to moderate numbers of eosinophils and (rarely) a 
moderate antral infiltration of neutrophils. It has 
been suggested that domestic cats might senc as a 
reservoir for H pyhn infection of humans, but this 
is unlikely. The initial description of the cat H prion 
infection was from a dosed colony of specific patho- 
gen-free animals and it seems more Iikelv that the 
infection was transmitted to the* cats from a human 
animal caretaker than the other way round. A single 
small cat vaccination study has been published In 
this study, a 20-fold reduction in bacterial density 
was reported for immunized and challenged cats 
*hen compared rn non-immune animals (10] Thus, 
the H. pyhn cat model may be used more widely in 
the Tuturc to study the immune response to ffclico- 
hotter infections. However, the widespread preva- 
lence of spiral bacteria (sec tor example, ff j c (is 
below) m the gastrointestinal tracts of domestic 
cats limits the usefulness of this model to specific 
pathogen-frec. purpose-bred cats which can be quite 
expensive. In addition, experimental H pyh>- infec- 
tion of cats in our laboratory (unpublished) has 
yielded only low.gradc infection* with very mild in- 
flammation. Thus the infection and disease processes 
of H pylori infection of cats need further verification 
by additional laboratories 

2.3. Gtrhils and guinea pigs 

Several recent reports have indicated that Mongo- 
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lian gerbils can be infected with H. pylori and that 
significant disease, including gastric ulcers, develops 
[t 1-13J. Using the gerbil model. H. pylori has also 
been shown to enhance chemical gastric carcinogen- 
esis [14]. As of this writing, no host response or 
vaccine studies have been published using the gerbil 
model, although the excellent disease mimics to hu- 
man infections make it ar attractive candidate. The 
relative lack of immunologic reagents for the gerbil. 
compared to those available for mice and rats, may 
hamper progress with this model, however, H pylon 
infection of guinea pigs fias also recently been re- 
ported [15] The guinea p*g model used the mouse- 
adapted Sydney strain of H pylon (sec below) and 
mild to moderate multtfcxal antral gastritis was rt> 
ported. Similar to humane the dietary requirement 
of guinea pigs for the antioxidant vitamin C may 
make this model an espec tally useful one to study 
the role of ff pylori in gas»ric carcinogenesis. Similar 
to the gerbil. however, a relanve lack of immuno- 
logic Teagents may limit the usefulness of this model 
for host response and vaccine studies. 

2 4 M. pylori mouse models 

In the late 1980s and early 19<H>s many laborato- 
ries unsuccessfully attempted to establish mouse 
models of ff pylori infection. In 1991 Karita and 
colleagues reported that T lymphocyte-deficient 
nude mice could be productively infected with H 
pylon but that under identical conditions only a 
transient infection was established in immunocompe- 
tent nvce (16] Although nude mice are not very use- 
ful to study immune responses, this result paved the 
way for other investigators and over the past 3 year; 
many laboratories have recited H. pylon infection 
in immunocompetent mice f 17-22]. Successful mouse 
models for ff pylori infection would be ideal for the 
study of host immune responses as a large variety of 
immunologic reagents are available for the mouse. In 
addition, mice are relatively cheap, and literally 
thousands of inbred strains of mice as well as trans- 
genic and knock-out animals (see below) are avail- 
able. The biggest downside to the mouse models 
which have been described to date are the low degree 
of inflammation and lack cf other disease processes 
observed. There have been some suggestions that 
selected inbred strains of mice may experience 



m re severe H pylori disea.se than other inbred 
strains of mice [21,22], but this has not been a uni- 
versal finding and disease severity appears much low- 
er than with the mouse ff felis model (see below). i n 
addition, not all ff. pyhri isolates will infect mice. 
There appear to be undefined selections or adapta- 
tions of //. pyhri relate* for growth m the mouse 
stomach and thi* could aJTcct the disease (or lack 
thereof) observed in infected animals. While it has 
been suggested that the presence of the cag pathoge- 
nicity island may be required for ff pyhri infection 
of mice, murine infection with CagA/VacA-negative 
strains of H pylon has been reported [19] The rel- 
ative lack of disease in H />>Winfected mice makes 
this model a poor one to study ff yyy/orr-associatcd 
disease. However, the mouse H pylori models are 
beginning to be used extensively in vaccine studies 
where the endpomt is the presence or absence of 
infection rather than disease. 

2.5. Other gastric Helicobacter infer ttons used 91 host 
respon.se and vaccine studies 

In addition to H pyhri. up to two dozen other 
Helicobacter species which infect other animals, 
many of which also infect gastric tissue, have been 
described [I]. Two of these non-# pylon gastnc Hel- 
icobacters which have been extensively used to study 
pathogenesis and vaccine development arc ff. felis. 
which was originally isolated from cats and has been 
used to experimentally infect mice, and H mwelav. 
which naturally infects ferret*. 

2 6 H felis Infection of mice 

In 1990. before the successful development of ff 
pyhn mouse models of infection. Adrian Lee and 
colleagues rcoorted that germ- free mice could be in- 
fected with H felis [23]. It was subsequently shown 
that H felts could also infect conventional mice and 
that the severity of disease varied greatly with the 
inbred strain of mouse infected. Thus. H /e/iA-in- 
fected C57BU6 mice were shown to develop severe 
gastritis and atrophy which includes replacement of 
parietal cells by mucus-secreting cells, while BALB/c 
mice infected under identical conditions developed 
only mild disease [21. 2*]. The H felt's mouse model 
was also used in the first successful Helicobacter v*c- 
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cine studies, before the development of H pylori 
mouse models [25.26]. and it continues to be used 
in vaccine studies. In spite of the fact that H fells 
infection yields more severe disease than H pylori 
infection of mice does. R felis apparently does not 
contain the cag pathogenicity island, nor docs it ad- 
here tightly to gastric epithelial cells. Since both of 
these traits are accepted virulence factors for H. pv- 
(oh. the ultimate usefulness of the H. felis mouse 
model to study H. pylon oathogenesis may be ques- 
tionable. 

2 7. ff. muste/ae infection of ferrets 

Virtually all of the commercial colonies of ferrets 
in the USA and many colonies elsewhere in the 
world are naturally infect'xi with H. mustclae This 
gastric Helicobacter has b*en associated with an an- 
tral predominant lymphocytic ('chronic') gastritis 
and peptic ulcers as well as MALT lymphomas in 
the ferret. Tt has also been reported that H mustelae 
possesses a cagA gene [27], which in ff pylori is a 
marker for the cag patho;;enicity island. Similar to 
H pylori infection of gnotnbiotic pigs, the ferret and 
ff. muxtclae have been used extensively to study bac- 
terial virulence factors. A small number of host re- 
sponse and vaccine studie; have been done in this 
model. Two research grouj* showed that antimicro- 
bial cure of a natural ff trmtelae infection does not 
result in immunity to reinfection [28,29]. Thus suc- 
cessful Helicobacter vaccination appears to result in 
immune responses which .ire qualitatively different 
from that induced as a result of infection. In another 
study in ferrets, an oral v?ccine tnal using an inef- 
fective mucosal adjuvant was unsuccessful and ac- 
tually resulted m worse disease including ulcers in 
infant ferrets [30]. Finally* we have shown that oral 
therapeutic vaccination of ferrets can clear H mus- 
teloe from about 30% of these naturally infected an- 
imals and can dramatically reduce the severity of 
disease in the remaining animals [31]. This result 
with naturally infected animals is a much more rig- 
orous test of the concept of therapeutic immuniza- 
tion than is clearance of H felts infection from ex- 
perimentally infected mice. 

One advantage which H mustetae-mfectcd ferrets 
as well as H /*y/or i-infec ted d gs and cats (sec 
above) and other relatively large animals have over 



smaller rodents is that they can be repeatedly endo- 
scoped to follow infection status and to retrieve y! 
opsies for histologic analysis The major shortcoming 
to the use of the ferret in immunologic studies at 
present is the paucity of reagents. If and when addi- 
tional reagents become available the ferret H mm. 
relae model should be an extremely useful one for 
the study of host response and vaccine development. 

28. Uswg inbred transgenic and knockout mice to 
study Helicobacter infections 

Although mouse H pylon and H fehs models are 
limited by their poor disease mimic of human disease 
and lack of bacterial virulence factors, respectively, 
there is such a wealth of inbred, mutant and specially 
created strains of mice available, that mouse Helico- 
bacter models will likely continue to receive much 
attention in the future In the following paragraphs, 
examples will be cited from the literature to illustrate 
the kinds of studies which can be accomplished* using 
these mouse strains It is not the purpose of this 
minireview to completely summarize the state of 
the art of vaccine development or host responses 
towards Helicobacter infections but rather to point 
out what kinds of studies are possible using these 
mouse strains. One possible explanation for the low 
level of pathology observed u«ing most mouse H 
pylon models is the lack of adherence of H pylon 
to mouse tissue* This is one of many areas which it 
may be possible to study using genetically engineered 
mice. One putative receptor for H pylon involves 
fucose residues on complex human gastric cell sur- 
face polysaccharides A transgenic mouse has been 
developed which expresses an enzyme which can add 
fucose to polysaccharides m mouse gastric tissue 
Recent results with this transgenic mouse infected 
with ff. pylori have suggested that more severe path- 
ology occurs in the transgenic mouse than in control 
non-transgeflic mice [32], Additional examples of 
how the use of inbred and genetically altered m use 
strains can advance our knowledge of host responses 
to Helicobacter infections are included in the sections 
which follow. 

2 .<? / Helicobacter disease severity is related to 
variations in hn\t resp**n\e 
Much Helicobacter research has focused on vim- 



BZ(H 21/80 d S9S-1 



isomezia* 



suwnnsNQD mumum WHNSH**i *imo owl-** 



247 



Icnce factors of the bacteria such as urease, VacA 
and the cag pathogewcit) island. As already men- 
tioncd above, how«m. different inbred strains of 
mice vary in their inflammat ry/trnmune responses 
to identical Helicobacter infections [21,24]. These 
studies have primarily used the H fetis model since 
the inflammatory response to H felts is much more 
robust than the inflammatory response to H pylori 
in the mouse. In addition *o the description of these 
genetic differences, additional mouse strains have 
been used to try to approach possible mechanisms 
involved. It has been shown, for example, that 
whereas lipopolysaccharid: (LPS)-responsive C3H/ 
He mice developed severe atrophy after H felts in- 
fection, the congenic LPS non-rcsponsive C3H/Hej 
strain exhibited no atrophy [33]. Further, use of 
major histocompatibility complex (MHC) congenic 
mice showed that non-MHC genes appear to play 
a major role in control of the magnitude of the in- 
flammatory response to ff felis infection [24]. In a 
more recent study, ff jW^-mfected C57BL/6 mice 
exhibited enhanced apoptcsis and fundic epithelial 
cell proliferation when compared with infected 
BALB/c or C3H/Hej mice [34]. In this study en- 
hanced apoptosis was correlated with gastric expres- 
sion of phospholipase A2. \ gene product which ha* 
recently been associated wiih formation of polyps in 
the colon. Finally, the role which mterleukm (ILMO 
(an 'anti-inflammatory T-h-lper cell type 2 cytokine) 
plays in the inflammatory process has been examined 
using wild -type and IL-10 genc-targeted mice in 
which the IL-10 gene has been 'knocked out\ In 
this study ff /c/w-infccted JL-10 knock-out mice ex- 
hibited a more severe and hyperplastic/atrophic gas- 
tritis than did wild-type mi^e with a functioning IL- 
10 gene [33] indicating a tole for this cytokine in 
control of the inflammatory response. 

282 The use of mmuHodeficient mice to study 
Helicobacter infections 
The studies summarized above hint that immune 
responses may contribute to the pathology observed 
after gastric Helicobacter infections. We have used 
severe combined immunodtficient (SCID) mice in 
our laboratory to more directly examine this ques- 
tion. Wild-type BALB/c mice and BALB/c mice with 
the SCID mutation infected with ff. Jelt\ exhibited a 
low level but equivalent inflammatory response [36]. 



In contrast. C57BL/6 mice, which normally exhibit 
high inflammation after ff fdis infection, demon- 
strated a much lower inflammatory response when 
mice with the SOD mutation on the C57BL/6 back- 
ground were infected (Jump. Czinn and Nedrud. un- 
published) These results suggest that the immune 
response makes an important contribution to the 
gastritis observed alter Hclunhacter infections The 
use of inbred strains of mice where tissues can be 
freely exchanged among members of the inbred 
strain has allowed u> to confirm this hypothesis 
We showed that adoptive transfer of spleen cells or 
T cell lines from ff felts infected immunocompetent 
C57BIV6 mice into naive recipients exacerbated the 
gastritis in recipient mice if the recipients were chaL 
lenged with ff felts [37]. 

Elsewhere in the gastrointestinal tract, many 
strains of immunodeficicnt or T cell receptor or cy- 
tokine knock-out mice have been demonstrated to be 
susceptible to inflammatory bowel disease. The Fact 
that non-gastnc Helicobacter organisms may play a 
role in these models of inflammatory bowel disease 
was recently demonstrated vwhen it was shown that 
cither SCID mice or T cell-deficient nude rats devel- 
oped inflammatory bowel disease when they were 
infected with H bihx. an intestinal Helicobacter' 
[38.39]. 

J. 8. 3 The use oj inbred and knn<k*our mice m \ncanv 
development ntcchantxnts of protection 
Based on knowledge from other mucosal patho- 
gens, the initial assumption in Helicobacter vaccine 
studies was that gastric IgA antibodies probably 
played a major role in preventing or clearing Heli- 
cobacter infections. Although many different animal 
models including mice. Ferrets, cats and non-human 
primates have been used in vacanc studies, only re- 
cently has the use of several different types of gene- 
targeted knock-out mice begun to elucidate probable 
mechanisms of vaccine-induced resistance to infec- 
tion. The availability of fgA-dcficient mice allowed 
our laboratory to conclude that IgA antibodies are. 
in fact not required for protection after oral vacci- 
nation w * found, however, that potentially 
compensating levels of IgM antibodies, which can 
also be transported onto mucosal surfaces, were pro- 
duced in these IgA knock-out mice. More recently 
we and our colleagues have used uMT B cell-defi- 
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Table 2 

Factor to consider when selecting a Metfotttctc animal modcJ 



Mott 



Ft*ortb*c 



Ltost 



Coit and availability 
Reproduces human di5 
Availability of reagents 



mw-rits fcmts/cats piga primates 
pnrnates«pigs*ferbilvfcrrcts mouse model* 

imec-prmutcs fcrretj-jtrbiU 



dent mice, which produce no antibodies at ail to 
show that protection from either // felti or H pylon 
can occur in the absence of any antibodies [41,42]. 
These results suggested that T cells may play a role 
in protection from Helicobacter infections in these 
models and our colleagues showed that mice which 
arc deficient in CD4 T cells are indeed not protected 
from H pylon infection [42,43]. Furthermore, we 
and others have used cytokine knock-out mice to 
show that the T cell cytokines IL-4 and perhaps in- 
terferon-? as well may be required for protection 
from Helicobacter infection [44.45]. As is true for 
inflammation, a role for T cells in protection from 
H. felt* has been confirmed by adoptive transfer of 
H felis specific T cells into naive recipients in inbred 
mice [37]. Although these results do not demonstrate 
exactly how T cells or cytokines mediate protective 
immunity, they do demonstrate the power of using 
the emerging technology of gene-targeted knock-out 
animals to answer questions in Helicobacter vaccine 
development and pathogenesis. 



3. Conclusions 

As summarized in this mini review and Table 2. 
there is no 'best* animal model for gastric H pylon 
infections Rather, each model has strengths and 
weaknesses and the choice of an animal model de- 
pends on experimental objectives. One area which is 
sure to receive increasing attention in the future, 
however, is the use of transgenic and knock-out ani- 
mals. Although it is possible to derive these animals 
in many species, the large number of transgenic and 
knock-out mice currently being developed worldwide 
"ill place increased emphasis on irouse Helicobacter 
models. 
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Chronic infection of Che gastroduodenal mucosae by the gram-negative spiral bacterium Helicobacter pylori 
is responsible for chronic active gastritis, peptic ulcers, and gastric cancers such as adenocarcinoma and 
low-grade gastric B-cell lymphoma. The success of eradication by antibiotic therapy is being rapidly hampered 
by the increasing occurrence of antibiotic-resistant strains. An attractive alternative approach to combat this 
infection is represented by the therapeutic use of vaccines. In the present work, we have exploited the mouse 
model of persistent infection by mouse-adapted H. pylon strains that we have developed to assess the feasibility 
of the therapeutic use of vaccines against infection. We report that an otherwise chronic H. pylori infection in 
mice can be successfully eradicated by intragastric vaccination with H. pylori antigens such as recombinant 
VacA and CagA, which were administered together with a genetically detoxified mutant of the heat-labile 
entero toxin of Escherichia cols (referred to as LTK63), in whkh the serine in position 63 was replaced by a 
lysine. Moreover, we show that therapeutic vaccination confers eikcadous protection against reinfection. These 
results represent strong evidence of the feasibility of therapeutic use of VacA* or CagA-based vaccine formu- 
lations against H. pylori infection In an animal model and give substantial preclinical support to the applica- 
tion of this kind of approach in human clinical trials. 



Infection of the human gastroduodenai mucosae by Helico- 
bacter pylori is associated with chronic gastritis, peptic ulcers, 
and gastric malignancies such as adenocarcinoma and low- 
grade B-cell lymphoma (2, 34, 35). Eradication of chronic H. py- 
lori infection of human mucosae with antibiotic therapy markedly 
alters the natural history of chronic gastritis, peptic ulcers, non- 
ulcer dyspepsia, and low-grade B-cell gastric lymphoma and 
reduces the rate of relapse of clinical symptoms (44). Problems 
such as poor patient compliance and increasing occurrence of 
strains of H. pylori resistant to some of the antimicrobials used 
(i.e., clarithromycin and metronidazole) represent major draw- 
backs that may limit the efficacy of chemotherapeutic interven- 
tion on a large scale (20, 25, 45). Moreover recent evidence 
suggests that infections cured with antimicrobial agents in 
adults do not induce immunity against reinfection (39). 

Experiments with animal models suggest that mucosal vac- 
cination with either whole-cell preparations or purified anti- 
gens plus appropriate adjuvants may prevent infection (5, 16, 
17, 24, 27, 28, 31). Development of efficacious strategies that 
exploit the therapeutic use of vaccines against an ongoing in- 
fection represents an attractive therapeutic alternative to the 
use of antibiotics. Successful eradication of Helicobacter felts 
infection from mice has been reported previously by others 
using either lysates (13) or the H. pylori recombinant urease 
(6). More recently Cuenca et aL have also reported a low but 
significant rate of eradication of natural Helicobacter mustelae 
infection in ferrets by therapeutic vaccination with H. pylori 
urease (10). 

* Corresponding author. Mailing address: Department of Immunol- 
ogy, IRIS, Chiron Vaccines, Via Ftorentina 1, 53100 Siena, Italy. 
Phone: 39-577.243316. Fax: 39-577-243564. E-mail: Ghiara@irisQ2 
.biocine.it 



We (7, 8, 47) and others (3, 15, 46) have shown that severe 
symptomatic gastric diseases are associated with gastric colo- 
nization by a subset of H. pylori strains (called type I strains) 
expressing a potent vacuolating cytotoxin (VacA), which is 
cytopathic in vitro to various epithelial cells (22, 37) and causes 
gastric mucosal damage in vivo to mice (19, 42), and that its 
toxicity is epidemiologicaHy associated with peptic ulcer (1, 9). 
Type I strains also bear a 40-kb pathogenicity island (PAI) that 
codes for several disease-associated virulence factors, includ- 
ing the immunodominant antigen CagA (4, 7, 8, 43). 

We have recently developed a mouse model of colonization 
by H pylori (27). This model, which is at variance with previ- 
ously described animal models that use Helicobacter species 
that do not express neither VacA or CagA, allows assessment 
of the potential of these molecules as vaccine candidates. Since 
no formal evidence has yet been reported regarding the feasi- 
bility of the therapeutic use of H pylori antigens as vaccines 
against infection with H. pylori, with the mouse model of per- 
sistent H. pylori infection we have assessed the potential use of 
antigen formulations that we have already shown to be effec- 
tive in preventive vaccination as therapeutic vaccines (27, 28). 

We report here for the first time, with an animal model of 
H pylori infection, that an otherwise chronic infection in mice 
by an H pylori type I strain can be successfully eradicated by 
intragastric therapeutic vaccination with H. pylori antigens (re- 
combinant VacA or CagA) together with a nontoxic mucosal 
adjuvant Moreover, we show that cured mice are resistant to 
reinfection. 

MATERIALS AND METHODS 
Prvtwntfea at H. pykmi aadctai awl LTK63 awtant H. pylon SPM326 was 
used to prepare the bacterial tysate as previously described (27). Briefly, bacteria 
cultured as described below were harvested from the plates and suspended in 
sterile saline; the suspension mixture was then pulse sonicated (Branson Ultra- 
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sonic. Danbury. Conn.) for 3 min at 50% capacity while kept in an ice bath. The 
protein concentrations of bacterial lysate were determined with the Bradford 
reagent (Bio-Rad). Aiiquots of the lysate were then snap- frozen in liquid nitro- 
gen and kept at -80°C until used. This tyute was used for both immunizations 
and enzyme -linked immunosorbent assay (EUSA) plates. Whole recombinant 
Vac A molecule (TOX100) was expressed in Escherichia coU and purified by 
affinity chromatography as deserted elsewhere (26). We hive reported previ- 
ously (26) that this recombinant form of VacA is nontoxic. Recombinant native 
CagA antigen was expressed in £. coti and purified as described elsewhere (8. 
28). The degrees of purity of these H. pylori antigens were assessed by Coomassie 
blue staining of sodium dodecyt sulfate-polyacryiamide gel electrophoresis (SDS- 
PAGE) gels, and the identity of the purified molecule was confirmed by Western 
blot analysis with specific antibodies. The LTK63 mutant of £ coU labile toxin 
(LT; bearing an Ser-»Lys substitution in position 63) was obtained by site- 
directed mutagenesis and was purified from the periplasm of a recombinant 
£. coli strain as previously described (36). 

Moose-adapted H. pylori strains. The bacterium used for infection was the 
type I strain SPM326. This strain was adapted to colonize the gastric mucosae of 
the mouse stomach by repeated in vivo passages consisting of several tsolatioo- 
reinocuiation cycles as previously described (27). Bacteria, cultured in rai- 
croaerobic conditions as described below, were harvested immediately before 
inoculations to mice with a sterile cotton swab and resuspended in a small 
volume of sterile saline. After determination of the optical density at 530 nm, 
bacterial cell suspensions were diluted to allow intragastric inoculation of 10 9 
CFU/0.1 ml to each mouse and were kept on ice until use. 

Treatments of ntfee Mice were infected as previously described, with slight 
modifications (27). Briefly, 5-week-otd CD1/SPF male mice (Charles River, 
Calco, Italy) at days 0, 2, and 4, after neutralization of gastric acidity with Na 
bicarbonate, were challenged intragastrically with H. pylori SPM326. The mice 
were sacrificed at various times after the bacterial inoculation. Colonization of 
gastric mucosae was assessed as previously described (27, 28). In brief, the 
mucosal surface of each stomach was gently streaked onto the surface of a 
separate Columbia agar plate containing 10% horse blood plus amphotericin B 
(50 iLgfml), vancomicin (100 u^rni), porymixin B (3.3 M*/ml), bacitracin (200 
M-g/ml), and nalidixic add (10.7 uj/mJ) (30). The plates were then incubated 
under microaerobic conditions with the Anaerojar system with the Campygen 
atmosphere generating system (Oxoid, Basingstoke, United Kingdom) for 4 to 7 
days. Growing /V. pylori colonies were identified by morpboiofy and confirmed by 
positive rapid urease reaction. Mice were considered not infected when no 
H. pylori colony on the plate on which the stomach was cultured was detected. 
For the assessment of the efficacy of therapeutic vaccination, mice infected for 6 
weeks were treated intragastricaUy with three weekly doses of saline alone (con- 
trol) or saline containing either (i) 10 |ig of LTK63 mutant alone or (u) 100 uf 
of M pylori antigens (TOX100, CagA, or tyute) pius 10 ug of LTK63. At the 
times indicated, the mice were sacrificed by cervical dislocation, their stomachs 
were collected, and colonization was determined by culture at described. Data 
are expressed as percentages of protection. The significance of the differences 
observed between groups was assessed by Fisher's exact test. 

Hlstotoej and SEM. Specimens of gastric tissue from infected or oooinfected 
(control) mice were fixed in 4% buffered formalin and processed for histological 
staining with hematoxylin and eosin as described previously (19). For scanning 
electron microscopy (SEM) analysis, pieces of infected stomachs were fixed in 
3% buffered gluts raldebyde for 20 min. After dehydration in ethanoi, the sam- 
ples were mounted on stubs, coated with gold, and nammrd at 7.2 kV under a 
Philips 501 scanning electron microscope (Philips, Eindhoven, The Netherlands). 

Titration of If. pylori antigen- specific antibodies by EL1SA. Briefly, detection 
of serum antibody titers against H. pylori was a chieved by EliSAa on 96-well 
plates coated with whole SPM326 lysate (10 tig/weti) or with purified native 
VacA (42) (0.2 tig/well). Coated weds were blocked with PBS containing 2.7% 
polyvinylpyrrolidone (Sigma, St Louis, Mo.). Sera from infected mice were 
pooled and tested as follows, Serial dilutions of serum samples were incubated at 
37*C for 2 h and then washed with PBS. AntigexHtpeczhc immunog^obuiin O 
(IgG) titers were determined with affiniry-punfled, y<ham"Sp cc i n c, biotm-con- 
jugated rabbit polyclonal antibody (Sigma). Serum H. pylori antipn-tpeanc IgA, 
IgG I. and Ig02a titers were dnin i mf ia w l with aflmity-purifled a- or yl- or y2a- 
chain-specific, bknm-cc*ungatod rabbit polyclonal a nti bo dies (Southern Biotech- 
nology Association, Birmingham, Ala.) for 2 h at 3TC Horseradish perandase- 
conjugated streptavidm (Signu) wan then added to the washed plates, and the 
plates were incubated at 3TC for 2 h. A ntigen -bound antibodies were revealed 
by the addition of o-phetayienrdiamrne as a substrate (Sigma). Antibody titers 
were determined as previously described (12). 



RESULTS 

Persistence of H. pylori Infection In mice. We have previ- 
ously reported that H. pylori strains freshly isolated from pa- 
tient biopsies and adapted to mouse gastric mucosae by several 
in vivo passages can establish colonization in mice (27). Infec- 
tion by type I strains causes epithelial damage and inflamma- 
tion that becomes evident after 8 to 12 weeks of infecti n. 



TABLE 1. Persistence of infection by the type I strain SPM3:6 a 



No. of mice 

Time (wit) _ % o( infection 

Group total Infected 



I 


19 


17 


89 


2 


25 


23 


92 


4 


27 


27 


100 


6 


40 


39 


98 


8 


20 


19 


95 


16 


18 


17 


94 


34 


11 


11 


100 


52 


18 


16 


89 



* CDl/SPF mice (n » 178) were infected with three intragastric challenges of 
10* CFU of W. pylori type I strain SPM326 as described in Materials and Meth- 
ods. At different time intervals, groups of mke were sacrificed and the extent of 
gastric colonization was assessed. 



These findings have been subsequently confirmed by others 
(23, 38). In order to assess the persistence of//, pylori infection 
and to monitor the evolution of the disease induced by the 
infection, a large group of mice was inoculated intragastrically 
with the mouse-adapted type I strain SPM326 and monitored 
for as long as 1 year. At various intervals, groups of mice were 
sacrificed and gastric colonization was assessed by culture. As 
shown in Table 1, inoculation of mice with an adapted strain of 
K pylori results in the colonization of their gastric mucosae 
that is persistent for as long as 1 year. The numbers of colonies 
that were recovered from the stomachs were also stable over 
the examined period of time and varied between 10 3 and 2 x 
10 4 in the majority of the infected mice (not shown). The 
pathological changes induced by infection were followed by 
histological examination. Figure 1 shows pictures of represen- 
tative histological fields of gastric mucosae of uninfected con- 
trol mke (Fig. 1A) and of mke sacrificed at different times 
after the onset of infection (Fig. IB through F). At 8 weeks of 
infection, in agreement with our previously published data 
(27), gastric lesions consisted mainly of focal epithelial dam- 
age. Fields showing epithelial erosive-reparative lesions with 
polymorphonuclear leukocytes infiltrating the lesions and the 
surrounding mucosae were present in most of the infected 
mke (Fig. IB). However, these lesions were less frequent in 
the mke observed at subsequent times. Figure 1G is an SEM 
micrograph obtained from a mouse infected for 8 weeks show- 
ing an H. pylori cell adhering to the gastric epithelial surface. 
At 16 and 34 weeks of infection, the most frequently observed 
lesions consisted of inflammatory cells (mainly mononuclear 
cells) infiltrating the lamina propria in the superficial layers of 
the mucosae (chronic superficial gastritis) (Fig. 1C and D). 
Polymorphonuclear cells were also found to be mainly associ- 
ated with the surface epithelial layer (Fig. ID). At 34 weeks of 
infection, small lymphoid aggregates were also found in the 
laminae propriae at the base of the glands (Fig. IE). In mice 
infected for 1 year or longer, the main histopathological find- 
ing consisted in a follicular gastritis, with large lymphoid folli- 
cles present in the mucosae as well as in the submucosa (Fig. 
IF). 

The serum antibody response during infection was moni- 
tored by EUSA with K pylori antigens. Figure 2A and C shows 
that with an H. pylori whole-cell sonicate or purified native 
VacA as solid-phase antigens in the EUSA, IgG and IgA titers 
were already detectable at 4 to 8 weeks after the onset of 
infection and increased slowly with time. The IgG response 
was further assessed by determining the patterns of IgG I and 
IgG2a isotypes during infection. Figure 2B and C shows that 
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FIG. 1. Hatoptthotogy of infected mice. (A) Oxyntic mucosae of a control mouse (original m agn ffl ration, *ZXt (B) cayntfc mucosae of a mouse infected for 2 
months showing erostve-reparadve lesions (arrows) (original magnification, X200; (C and D (original m ag nfflr a rion , X400]) superficial chronic inflammatory cells in 
the laminae promise (arrows) of mice infected for 4 months (neutrophil polymorphs are also present (arrowheads in panel D] on the superficial epithelium and are 
associated with epithelial degeneratioo) (E) lymphocytic aggregate at the base of the glands in the cayntk mucosae of a mouse infected for 8 moiiths^ foUicular 
gastritis with targe lymphoid follides present in the cayntk mucosae and in the submucoaae of a mouse infected for 1 year (original magnification, X200; (G) SEM 
of the gastric epithelial surface of a mouse infected for 2 months showing an H. pylon cell adhering to the gastric cells (original magnification, x 15,000). 
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FIG. 2. Serum antibody response during infection. Anti-H. priori antigen- 
specific titers in pooled sen from CDUSPF mice during infection with H. pylori 
type I strain SPM326. (A and B) IgO and IgA titen and IgGl and IgG2a serum 
titers, respectively, against whole-cell sonicate. (C and D) IgO and IgA titers and 
IgGl and IgG2a serum titers against VacA, respectively. 



IgG2a was the prevailing IgG isotype against both the whole- 
cell sonicate and VacA. 

Therapeutic vaccination eradicates infection. To assess the 
feasibility of therapeutic vaccination, mice were infected with 
H. pylori SPM326 and, 6 weeks later, received three weekly 
doses of 100 tig of the recombinant VacA (TOX100), CagA, or 
a whole SPM326 lysate together with 10 of the mucosal 
adjuvant LTK63. Control groups received either saline alone 
or saline containing LTKG3. All mice were sacrificed 1 weeks 
aft r the last intragastric treatment, and gastric colonization by 
H. pylori was assessed by culture. Figure 3 shows the cumula- 
tive results of five experiments. Highly significant levels of 
eradication were achieved when infected mice were therapeu- 
tically vaccinated with TOX100, or CagA, or whole<ell lysates 
administered intragastricaily together with LTK63 (for all vac- 
cine groups, P s 0.0001 versus saline-treated mice), while 
treatment with adjuvant alone induced a slight but not statis- 
tically significant eradication. To better assess the effect of 
therapeutic vaccination, the numbers of colonies recovered 
from infected mice thai received the treatments were deter- 
mined. Table 2 shows the cumulative results of two experi- 
ments in which the mice were therapeutically va c ci nated with 
TOX100 or with CagA. In the small proportion of mice in 
which infection resulted after the therapeutic vaccination, a 
marked decrease in the relative amount of H. pylon colonies 
recoverable from their stomachs was observed, compared to 
that for mice which received control treatments (i.e. f LTK63 
alone or saline). 

In order to assess whether the observed eradication per- 
sisted with time, 80 mice were infected with H. pylori. Six weeks 
later, half of them were treated intragastricaily with three 
weekly doses of 100 u,g of TOX100 together with the adjuvant 
LTK63. The remaining 40 mice received LTK63 al ne. Groups 




44/4S 



FIG. 3. Therapeutic intragastric vaccination; cumulative results of five exper- 
iments. Mice that had been infected 6 weeks previously with H. pylori type 1 strain 
SPM326 received three weekly intragastric treatments with the indicated vaccine 
formulations. Control groups received either saline alone or saline containing the 
adjuvant LTK63 alone. The statistical significance of the observed differences 
was assessed by Fisher's exact test as described in Materials and Methods. The 
percentages of protected (noninfected) mice in groups receiving TOX100 or 
lysate plus LTK63 were significantly different {P s 0.0001) compared to groups 
receiving saline alone or LTK63. Treatment with CagA plus LTK63 also induced 
highly significant eradication compared to treatment with saline alone {P s 
0.0001) or with LTK63 alone (P s 0.02). The level of protection achieved by 
administration of lysate plus LTK63 was also significantly different from that 
obtained with either saline alone (P s 0.0001) or LTK63 alone {P s 0.002). 



of 10 mice in the control and in the vaccine groups were 
sacrificed at different times after the intragastric treatment, 
and gastric colonization by H. pylori was assessed. Figure 4 
shows that eradication achieved with intragastric therapeutic 
vaccination was stable and that as many as 10% of the mice 
that were treated intragastricaily with TOX100 plus the adju- 
vant LTK63 remained noninfected for at least 3 months after 
therapeutic vaccination. 

Therapeutic vaccination confers protection against reinfec- 
tion. Then, we asked whether mice in which infection had been 
eradicated by therapeutic vaccination were protected from re- 
infection. Mice were infected with strain SPM326 as described 
above and, 6 weeks later, received three weekly intragastric 
treatments with LTKS3 alone (control) or with LTK63 to- 
gether with TOX100 (vaccine). A group of mice from both th 
control and vaccine groups were sacrificed 1 week after the last 
intragastric treatment, and gastric colonization by H. pylori was 
by culture. Figure 5A shows that as expected from 
data shown above, 80% of the mice that received the thera- 



TAfiLE 2. Number of H. pylori colonies recovered in 
plates from infected-vaccinated mice* 



Treatment 



No. of mice 



No. of mice with the 
following no. of colonies: 



Total Infected 1-100 101-1,000 > 1,000 



Saline 18 17 

LTK63 8 6 

TOX100 + LTK63 or 28 5 
CagA + LTK63 



15 
6 
1 



* Mice were infected with an H. pyhri type I strain and, 6 weeks later, received 
three weekly doses of intragastric therapeutic vaccination with TOX100 or CagA 
plus the adjuvant LTK63. Control groups consisted of mice that received either 
saline alone or the LTK63 adjuvant atone. One week after the final treatment, 
the mice were sacrificed and the extent of gastric infection by H. pylori was 
assessed as described H. pylori colonies were detected by visual inspection of the 
plates and were counted. Data pooled from two separate experiments are shown. 
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FIG. 4. Persistence of //. pyiori eradication induced by therapeutic vaccina- 
tion. A group of 80 mice was infected with strain SPM326. Six weeks later, half 
of them received three weekly intragastric treatments with TOX100 plus LTX63 
(vaccine), while the remaining mice received LTK63 alone (control). At 1, 2, 4, 
and 12 weeks after the last treatment, 10 rake per group were sacrificed to assess 
colonization as described in Materials and Methods. Eradication in rake receiv- 
ing the vaccine was significantly higher than that in mice receiving control 
treatment at 1 week (P s 0.003), 2 weeks (P s 0.0001). 4 weeks (P s 0.002), and 
12 weeks (P £ 0.01) after intragastric treatments. On the other hand, no statis- 
tically significant difference was observed among groups of rake that received 
TOX100 plus LTK63 and that were sacrificed at different tunes after treatment 



peutic intragastric vaccination were cured. At the same time, 
the remaining mice from both the control and vaccine groups 
were rechallenged intragastricaily with three doses of lGr CFU 
of strain SPM326 per mouse over a week. Two months after 
the rechaUenge, the mice were sacrificed to assess gastric in- 
fection by H. pylori. Figure SB shows that as many as 70% of 
the mice that were cured by intragastric therapeutic vaccina- 
tion with TOX100 plus LTK63 were resistant to a subsequent 
challenge with H. pylori. These results clearly show that ther- 
apeutic vaccination not only successfully eradicates an other- 
wise chronic infection but also prevents a subsequent reinfec- 
tion with H. pyiori in the majority of vaccinated animals. 

DISCUSSION 

The results shown in this paper demonstrate that an other- 
wise chronic gastric infection of H. pyiori in mice can be suc- 
cessfully cured with oral administration of either an K pyiori 
sonicate or purified recombinant nontoxic VacA or CagA phis 
a nontoxic mutant of LT as an adjuvant It has been reported 
that oral administration of either sonicates or purified recom- 
binant urease B subunit phis cholera toxin (CT) eradicates 
infection in mice prevkwaly infected with H. JeUs (6). Use of 
the mouse K felts model has also allowed establishment of the 
first evidence of the fearibflhy of preventive vaccination against 
a chronic gastric infection by a Helicobacter species (5). How- 
ever, H. felis is not a human pathogen and, more importantly, 
does not express some H. pylori pathogenic determinants (i.e., 
VacA and antigens encoded by the cog PAI, including CagA) 
that are thought to be involved in human disease (47). In fact, 
the gastric mucosae of symptomatic infected patients most 
frequently harbor type I H. pylori strains that bear the cog PAI, 
which contains several genes involved in pathogenesis, includ- 
ing the immunodominant disease marker product of the gene 
cagA (4, 8). These type I strains also secrete the toxin VacA, 
which is hypothesized to be involved in the genesis of ulcer- 
ative lesions (1, 9 t 19, 22, 37, 41, 42). Infection with type I 
strains is also strongly associated with the increased risk of 



occurrence of gastric adenocarcinoma (3) and low-grade gas- 
tric B-cell lymphoma (15). The use of the mouse model of 
H. pylori infection that we have devel ped has allowed us to 
support the concept that type I strains have enhanced virulence 
compared to Type II strains that do not bear the cag PAI and 
do not express cytotoxic activity (4, 27). Therefore, this animal 
model of infection is a powerful tool to study the pathogenesis 
of infection and to develop vaccination strategies with, as vac- 
cine candidates, molecules such as VacA and CagA, which are 
expressed only by type I H. pylori strains, play a major role in 
human disease, and cannot be tested in the H. felis model. 

In the present paper, we have shown that the type I strain 
SPM326 can establish a chronic infection in mice that is stable 
for at least 1 year. The infection elicits evident gastric lesions, 
i.e., epithelial erosions and infiltration of inflammatory ceils in 
the laminae propriae of the gastric mucosae. Evident chronic 
gastritis has also been reported for long-term infection of mice 
with H. felis (33); however, in that model, no evidence of overt 
mucosal erosions has been shown. We have shown here that 
long-term infection of mice by K pylori also elicits the appear- 
ance of lymphoid follicles in the mucosae, a type of lesion that 
is also frequently present in chronically infected humans and 
that in some patients precedes the emergence of low-grade 
gastric B-cell lymphoma (35). 

Our results show that infection of CD1 mice with H. pylori 
induces serum IgG and IgA antibodies which persist for the 
duration of infection (Table 1 and Fig. 2). It is interesting to 
note that although both IgGl and IgG2a iso types are pro- 
duced, IgG2a antibodies represent the prevailing iso type. This 
was even more evident when titers of VacA-specific IgG were 
determined. This result suggests that chronic H. pylori infection 
in CD1 mice is associated with a predominant activation of 
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FIO. 5. Therapeutic vaccmaoon confers pro te ction against reinfection. A group 
of 80 mice were infected with strain SPM326. Sis weeks later, half of the mice 
received three weekly therapeutic vaccinations with TOX100 plus LTK63 (vac- 
cine), while the remaining mice received LTK63 alone (control). (A) At 1 week 
after the last treatment 10 mice in the control group and 10 mice in the vaccine 
groups were sacrificed to assess the level of eradication achieved. (B) The re- 
maining mice were re infe c te d as described, and 8 weeks later protection was as- 
sessed. Both therapeutic eradication and protection against rechaUenge obtained 
in mice that received vaccine treatment were statistically significant (P s 0.03 
and s 0.01, respectively) compared to groups that received control treatment. 
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Thl-type cell populations. This is in fuU agreement with pre- 
vious results obtained by others with a mouse model of infec- 
tion with H. felis (32) and also for humans with H. pylori- 
associated peptic disease (11). 

Therapeutic vaccination of H. /^tori-infected mice with 
TOX100 or CagA together with the adjuvant LTK63 induces a 
high level of eradication that persists for at least 12 weeks after 
the vaccination. The fate of gastric pathology following thera- 
peutic vaccination could not be optimally assessed after erad- 
ication, since in most of the experiments the mice were vacci- 
nated at 6 weeks of infection, i.e., when the gastric pathology 
was not yet fully evident in ail mice. Furthermore, in these 
experiments the mice were sacrificed 1 week after the end of 
the treatment. However, in the experiment in which the per- 
sistence of eradication was assessed, vaccinated mice that were 
sacrificed at times later than 1 week did not develop gastric 
pathology and, in particular, no signs of epithelial erosions 
could be found compared to infected LTK63-treated controls 
(not shown). 

In the experiments reported in the present paper, we did not 
observe any major change in the serum antibody responses of 
infected mice after they were immunized with K pyiori anti- 
gens in the presence of LTK63 as a mucosal adjuvant (not 
sh wn). These data are in agreement with those reported with 
the mouse model of infection with H. felis, in which therapeutic 
immunization with recombinant H. pylori urease was studied 
(6). Considering that as discussed above, chronic K pyiori 
infection seems to be associated with a preferential activation 
of Thl cell subpopulations, it is tempting to speculate that 
immunization procedures leading to a substantial activation of 
ThO- or Th2-type cell populations at the local (mucosal) and/or 
systemic level may favor eradication of an otherwise chronic 
infection with H. pylori. This hypothesis is sustained by recent 
experimental evidence obtained both in vivo (17) and in vitro 
(21). In our experimental procedure, this may have been me- 
diated by the mucosal adjuvant, the nontoxic LT mutant 
LTK63. Previous work (14, 29, 40, 48) has clearly shown that 
nontoxic mutants of both LT and CT coadministered with 
antigens at the mucosal level drive preferential activation of 
ThO- or Th2-rype CD4* cells, depending on the experimental 
model employed. This hypothesis may explain the finding that 
approximately 20% of the mice receiving the LTK63 adjuvant 
alone exhibited a nonspecific eradication ofK pyiori infection. 
However, this nonspecific effect was transient, since it was not 
observed when gastric colonization was assessed more than 1 
week after the last intragastric treatment with LTK63. 

There is no full agreement on whether previous infection 
eradicated by antibiotic therapy in infected humans could con- 
fer immunity against a subsequent reinfection. Although most 
of the reinfections in eradicated adult patients seem to be 
explained by a recurrence of the infection with the same strain 
due to failure in the antibiotic regimen used, a recent report 
has shown that a previous state of chronic infection by H. py- 
lori, which had been successfully eradicated by antibiotic ther- 
apy, did not confer immunity against reinfection (39). It has 
also been recently reported that ongoing chronic infection 
does not protect from superinfection with a new strain (18). In 
agreement with previous data obtained by others using the 
mouse model of infection with H. felis and treatment with 
recombinant urease (29), the results presented in the present 
paper show that mice cured by therapeutic vaccination with 
recombinant VacA and CagA are resistant to a challenge with 
three doses of 10 9 CFU of H. pyiori. These data dem nstrate 
that vaccination may play an important role, either alone or in 
association with currently available antibiotic chemotherapy, in 



reducing the rate of reinfecti n and/or recrudescence in pre- 
viously infected individuals. 

Taken t gether, our results provide strong evidence that an 
otherwise experimental chronic infection by a type I H. pylon 
strain, which is more frequently isolated from patients with 
severe diseases, can be successfully cured by therapeutic vac- 
cination with purified recombinant VacA and CagA coadmin- 
istered with the nontoxic LT mutant LTK63 as a mucosal 
adjuvant. Previously, this conclusion could be inferred only by 
evidence obtained from animal models that employed infec- 
tions with surrogate Helicobacter species, such as H. felis and 

H. mustelae, that are not human pathogens and, more impor- 
tantly, do not express the type I H. pylon-specific set of patho- 
genic determinants (i.e., VacA, CagA, and the other factors 
encoded by the cag PAI) that have a pivotal role in the induc- 
tion of disease in humans. Finally, these data strongly support 
the concept of developing therapeutic vaccine formulations 
based on these antigens for safe use in human clinical trials. 
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IMMUNIZATION AGAINST AND TREATMENT FOR INFECTION BY H.PYLORI 

This application is related to United Kingdom patent applications GB 9809398.2 (filed 30th 
April 1998) and GB 9820976.0 (filed 25th September 1998), which applications are hereby 
5 incorporated in their entirety by reference. 

Technical field 

The present invention relates to a method of protection against or treatment of an Hpylori 
infection, comprising non-mucosal administration of an effective amount of one or more 
H.pylori antigens. 

10 Background of the Invention 

H.pylori was isolated in 1982 by B. Marshall and J. Warren using microaerophilic conditions 
that had been developed to grow Campylobacter jejuni. Hpylori bacteria are S-shaped, gram 
negative bacilli 2-3.5 ^m in length and 0.5-1 ^m in width (Blaser, M.J., and J. Parsonnet. 

1994. J. Clin. Invest. 94:4-8). It is now (only recently) known that infection with H.pylori is 
15 the most common infection in the world In developing countries 80% of the population is 

infected by the bacterium at the age of 20, while in developed countries Hpylori infection 
increases with age from <20% in 30-year old people to >50% in 60-year olds (Axon, AT. 

1995. Pharmacol. Ther. 9:585-588; Blaser and Parsonnet, 1994). The infection is 
transmitted by either the oro-fecal or the oro-oral route (Blaser and Parsonnet, 1994). 

20 Infection occurs during the first years of life and persists forever. Once established, the 
infection is chronic, possibly permanent Risk factors for infection are crowding, poor hygiene 
and host-specific genetic factors. 

The complete genome sequence of Hpylori has been published (Tomb, J.-F., etal 1997. 
Nature 388:539-547). A brief review of this article and a general review of the biology of 
25 Hpylori can be found in Doolitde, R.F. 1997. Nature 388:515-516. 

Chronic infection of the human gastroduodenal mucosae by H.pylori is frequently 
associated with chronic gastritis, peptic ulcer, and increases the risk of occurrence of gastric 
malignancies such as adenocarcinoma and low grade B cell lymphoma (Blaser and 
Parsonnet, 1994; Parsonnet, J., et al 1991. N. Engl. J. Med 325: 1 127-1231; Parsonnet, J., 
30 et al. 1994. N. Engl. J. Med. 230: 1267-1271). Most of the infections remain asymptomatic, 
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whereas symptomatic, severe diseases correlate epidemiologically with the infection by a 
subset ofH.pylori strains, called Type I (Blaser, M.J., et al. 1995. Cancer Res. 55:21 11- 
2115; Covacci, A., et al. 1997. Trends Microbiol. 5:205-208; Covacci, A., et al. Proc. Natl. 
Acad. Sci. U.S.A. 90:5791-5795; Eck, M., et al. 1997. Gastroenterology. 112:1482-1486; 
Xiang, Z., et al. 1995. Infect. Immun. 63:94-98). This subset of strains is endowed with 
increased virulence due to the expression of a biologically active toxin (VacA), which is 
cytopathic to gastric epithelial cells in vitro and in vivo (Ghiara, P., et al. 1995. Infect. 
Immun. 6^:4154-4160; Harris, P.R., et al. 1996. Infect. Immun. 64:4867-4871; Telford, 
J.L., et al. 1994. J. Exp. Med. 179:1653-1658), and also to the acquisition of a 
pathogenicity island (PAI), called cag, which contains a set of genes encoding several 
virulence factors (Censini, S., et al. 1996. Proc. Natl. Acad. Sci. USA. 93:14648-14653) 
which are responsible for the induction of the synthesis of the neutrophil chemotactic 
cytokine IL-8 by the gastric epithelial cells (Censini et al., 1996). 

H.pylori factors that have been identified so far include the flagella that are probably 
necessary to move across the mucus layer, see for example, Leying et al. 1992. Mol. 
Microbiol. £:2863-2874; the urease that is necessary to neutralize the acid environment of 
the stomach and to allow initial colonization, see, for example, Cussac et al. 1992. J. 
Bacterid. 174:2466-2473, Perez-Perez et al. 1992. J. Infect. Immun. 60:3658-3663, Austin, 
et al. 1992. J. Bacterid. 174:7470-7473, WO 90/04030; the H.pylori cytotoxin (sometimes 
referred to as VacA, as it causes vacuolation), see, for example, WO 93/18150, Telford, 
J.L. et al. 1994. J. Exp. Med. 179:1653-1658, Cover et al. 1992. J. Bio. Chem. 267:10570- 
10575, Cover et al. 1992. J. Clin. Invest 2Q:913-918, Leunk, 1991. Rev. Infect. Dis. 
13:5686-5689; the H.pylori heat shock proteins (hsp), see, for example, WO 93/18150, 
Evans et al. 1992. Infect. Immun. 60:2125-2127, Dunn et al. 1992. Infect. Immun. 60:1946- 
1951, Austin et al., 1992; and the cytotoxin-associated protein, CagA, see, for example, 
WO 93/18150, Covacci, A., et al. 1993. Proc. Natl. Acad. Sci. USA 9Q:5791-5795, 
Tummuru, M.K., et al. 1994. Infect Immun. 61:1799-1809. 

Currently, H.pylori strains can be partitioned into at least two major groups, which either 
express (Type I) or do not express (Type II) the cytotoxin (VacA) and the CagA proteins. 
Type I strains contain the CagA and toxin genes and produce active forms of these 
antigens. Type II strains lack the CagA locus and fail to express the cytotoxin. The 
association between the presence of the CagA gene and cytotoxicity suggests that the 
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production of the CagA gene is necessary for the transcription, folding, export or function 
of the cytotoxin. Epidemiological analysis indicate that Type I bacteria are associated with 
duodenal ulcerations, gastric ulceration and severe forms of active gastritis. 

For a general review of the pathogenic role of H.pylori in peptic ulcer, see Telford, J.L., et 
5 ai 1994. TIBTECH 12:420-426. 

H.pylori culture supernatants have been shown by different authors to contain an antigen 
with a molecular weight of 120, 128 or 130 kDa (Apel, et al. 1988. Zentralblat fur 
Bakteriol. Microb. Und Hygiene 268:271-276; Crabtree, et ai 1992. J. Clin. Pathol. 
45:733-734; Cover, et ai 1990. Infect. Immun. 58:603-610; Figura, et ai 1990. H.pylori 

10 gastritis and peptic ulcer (eds. Malfitheiner, et ai), Springer Verlag, Berlin). Whether the 
difference in size of the antigen described was due to interlaboratory differences in 
estimating the molecular weight of the same protein, to the size variability of the same 
antigen, or to actual different proteins was not clear. This protein is very immunogenic in 
infected humans because specific antibodies are detected in sera of virtually all patients 

15 infected with H.pylori (Gerstenecker, et ai 1992. Eur. J. Clin. Microbiol U :595-601). 

A protein known as NAP (neutrophil activating protein - Evans D.J., et ai 1995. Gene 
153:123-127; WO 96/01272 & WO 96/01273, especially SEQ ID NO:6; see also 
WO 97/25429), which is found in both type I and II strains, appears to be protective when 
tested in the H.pylori mouse model (Marchetti, M, etal 1995. Science. 267:1655-1658). 
20 NAP is a homodecamer of 15 kDa subunits, and it has been proposed that the multimeric 
complex has a ring-shaped structure which spontaneously forms hexagonal paracrystalline 
structures. The assembled protein appears to interact with glycosphingolipid receptors of 
human neutrophils. 

A number of other H.pylori antigens are described in WO 98/04702, including ureaseB 
25 (SEQ ID NO: 4), HopX (SEQ ID NO: 21), HopY (SEQ ID NO: 21), 36 kDa (SEQ ID NO: 
26), 42 kDa (SEQ ID NO: 25), and 17 kDa (SEQ ID NO: 27). Urease is also described in, 
for example, EP-B-0367644 (protein with urease activity), EP-A-0610322 (ureaseE, F, G, 
H and I), EP-A-0625053 (urease protein) and EP-A-0831892 (multimeric forms of urease). 
Other H. pylon antigens include the 54 kDa (SEQ ID NO: 2) and 50 kDa (SEQ ID NO: 1) 
30 proteins described in EP-A-0793676. 
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Discussions of various virulence factors of Kpylori can be found in, for example, 
EP-A-93905285.8 and EP-A-96908300.5. 

Colonization of the mucosa of the stomach by Kpylori is today recognized as the major cause 
of acute and chronic gastroduodenal pathologies in humans (B laser and Parsonnet, 1994; 
5 Covacci et al, 1997). The recognition of the infectious nature of the illness is having a major 
impact in the treatment of the disease that is shifting from the treatment of symptoms by anti- 
IE blockers to the eradication of the bacterial infection by antibiotic regimen. 

In spite of the unquestionable successes that will be achieved with antibiotic treatment, it 
should be remembered that such treatment inevitably leads to the occurrence of resistant 
10 strains that in the long term will make antibiotics ineffective. This suggests that vaccination, 
which classically is the most effective way to prevent and control infectious diseases in a large 
population, could be used to prevent infection and possibly also to treat the disease. 

The increasing importance of Kpylori in the induction of a wide variety of gastric 
pathologies has represented a major challenge for the development of efficacious 
15 prophylactic and/or therapeutic strategies. To better understand the interactions between 
the bacterium and the host, much effort has focused on the development of appropriate 
animal models of infection reproducing aspects of the natural human infection. 

Several animal models of infection and disease have been developed aiming at studying the 

pathogenesis of infection and development of preventive and therapeutic strategies. Many 
20 of these models are highly impractical, since they employ monkeys (Dubois, A., et al 

1994. Gastroenterology. 106:1405-1417) or species that are kept under gnotobiotic (that is, 

geim-free) conditions, for example germ-free dogs or piglets (Krakowka, S., et al 1987. 

Infect Immun. 2789-2796; Radin, M.J., et al. 1990. Infect. Immun. 58: 2606-2612). 

Colonization of gnotobiotic piglets (Krakowka et al, 1987) has been reported using 
25 Kpylori strains isolated from patients with gastroduodenal diseases. However piglets 

cannot be kept under germ-free conditions for more than 2 months (Radin et al, 1990) 

mainly due to their nutritional needs. 

Successful infection of specific pathogen-free (SPF) cats has been described using a strain 
isolated from conventional cats (Fox, J.G., et al 1995. Infection and Immunity. 63: 2674- 
30 2681; Handt, L.K., et al 1995. J. Clin. MicrobioL 23:2280-2289). Gnotobiotic beagle pups 
have also been infected with a human Kpylori isolate and kept under germ-free conditions 
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for 30 days. However, in this model no data are available on long term infections with 
H.pylori (Radin et al, 1990). Other experimental animal models include athymic nu/nu or 
germ-free mice (Karita, M., et aL 1991. Am. J. Gastroenterol. 86:1596-1603). 

The major drawbacks of these experimental infections, however, are the sophisticated and 
5 expensive housing systems required, and, more importantly, the peculiar immunological 
status of the gnotobiotic or immunodeficient hosts employed. More recently, H.pylori, 
freshly isolated from human gastroduodenal biopsies, have been adapted to persistently 
colonize the gastric mucosa of xenobiotic mice (Marchetti et aL, 1995). This model has 
proven particularly useful to assess the feasibility of either preventive (Manetti, R., et al. 

10 1997. Infect. Immun. 65:4615-4619; Marchetti et aL, 1995; Marchetti, M., et aL 1998. 
Vaccine 16: 33-37; Radcliff, F.J., et aL 1997. Infect. Immun. 65:4668-4674) or therapeutic 
(Ghiara, P., et aL 1997. Infect. Immun. 65:4996-5002) vaccination, as well as for the in vivo 
screening of mti-H.pylori antimicrobials (Lee, A., et aL 1997. Gastroenterol. 112:1386- 
1397), and for studying the pathogenesis of infection (Sakagami, T., et aL 1996. Gut. 

15 39:639-648). However, to evaluate gastric infection, mice have to be sacrificed; the 
pathological changes induced by the chronic infection and/or the effect of therapeutic or 
immunizing regimens cannot, therefore, be followed up in the same individual animal. 

In United Kingdom patent application GB 9801000.2 (filed 16th January 1998) and 

associated International patent application PCT/IB99/00217 (filed 15th January 1999), 
20 there is described for the first time an animal model which can reproduce symptoms which 

have been clearly associated with the acute phases of infection with H.pylori in humans 

(Marshall, B.J., et aL 1985. Med. J. Australia. 142:436-439; Mitchell, J.D., et aL 1992. Am. 

J. Gastroenterol. 87:382-386; Morris, A., and G. Nicholson. 1987. Am. J. Gastroenterol. 

82:192-199; Sobala, G.M., et aL 1991. Gut 32:1415-1418). The invention described in GB 
25 9801000.2 and PCT/IB99/00217 is based on the discovery that Kpylori can persistently 

colonize the gastric mucosa of conventional xenobiotic dogs, and that this colonization 

causes acute symptoms, histopathological lesions and elicits specific immune responses. 

Thus, the animal model provided in GB 9801000.2 and PCT/IB99/00217 is ideal for 

studying the efficacy of treatments for H.pylori infection. 

30 As H.pylori is a mucosa-related infection, where the bacteria do not invade the surrounding 
host cells, attempts to develop vaccines or treatments against the disease have concentrated 
on mucosal administration, specifically oral administration into the gastro-intestinal tract. 
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Thus, as it had previously been thought that local (mucosal) treatment at the site of the 
Hpylori infection was necessary, the thrust of research in this area has been to develop 
mucosa-associated anti-H.pylori antibodies by the mucosal administration of 
prophylactics/therapeutics (see, for example: Chen, M, et al 1992. Lancet 339:1 120-1 121; 
5 Ferrero, R.L., et al. 1994. Infect. Immun. 62:4981-4989; Michetti, P., et al 1994. 
Gastroenterology 107:1002-1011; Lee, A., et al 1994. Infect Immun. 62:3594-3597; 
Doidge, C, et al 1994. Lancet 343:974-979; Marchetti et al, 1995; Lee, C.K., et al 1995. 
J. Infect. Dis. 172:161-172; Corthesy-Theulaz, I., et al 1995. Gastroenterology 109:115- 
121; Cuenca, R„ et al 1996. Gastroenterology 110:1770-1775; Radcliff, F.J., et al 1996. 
10 Vaccine 14:780-784; Stadtlander, C.T.K.H., et al 1996. Dig. Dis. Sci. 41:1853-1862; 
Ferrero, R.L., et al 1997. Gastroenterology U3: 185- 194; Weltzin, R., et al 1997. Vaccine 
15:370-376; Radcliff et al, 1997; Ghiara et al, 1997; Marchetti et al, 1998). 

However, it has been shown in the present invention that a systemic protective effect 
against challenge with infectious H.pylori can be unexpectedly achieved using a 

15 non-mucosallv administrated H.pylori antigen-containing composition. Specifically, it has 
been shown that, for instance, intramuscular (i.m.) immunization with whole Hpylori cell 
lysate can protect dogs against challenge with infectious H.pylori* and that the i.m. route, as 
an example of a non-mucosal route, can, unexpectedly, be considered for vaccination 
against this bacterium. Such a method may also be useful therapeutically in treating an 

20 already established H.pylori infection. 

All documents (including patents, patent applications, research articles and books) which 
are mentioned in this application are hereby incorporated in their entirety by reference. 

Summary of the Invention 

The present application is therefore based on the discovery that H.pylori antigen-containing 
25 compositions against Hpylori can be administered non-muscosally and still result in 
effective (systemic) protection from disease, despite the fact that the Hpylori bacteria are 
associated with the mucosa. 

According to the present invention there is provided a method of protection against or 
treatment for infection by Hpylori comprising non-mucosal administration of an effective 
30 amount of one or more Hpylori antigens. 

The term "comprising" means "including" as well as "consisting of 9 . 



WO 99/57278 

-6- 



o o 

WO 99/57278 PCT/1B99/0085 1 

-7- 

Preferably, administration is parenteral, more preferably, intramuscular. 

The one or more antigens administered may separately or in combination elicit a protective 
immune response in an animal, preferably, a mammal, more preferably a human. 

At least one of the antigens may be a virulence factor of H.pylori. Examples of such 
5 virulence factors include VacA, CagA, NAP or urease. Other preferred antigens include 
HopX, HopY, 36kDa, 42kDa, and 17kDa (see WO 98/04702) or 50 kDa antigen (see 
EP-A-0793676). The virulence factors oiH pylori administered preferably include VacA, 
CagA, NAP and urease. More preferably, the virulence factors include VacA, CagA and 
NAP. Most preferably, the virulence factors include CagA and NAP. 

10 The H pylori antigens administered may consist of only virulence factors or of only 
specific combinations of virulence factors such as VacA, CagA, NAP and urease; VacA, 
CagA and NAP; or CagA and NAP. 

The antigens administered may also include non-i£ pylori antigens. 

The one or more antigens is/are preferably purified antigen(s) or a whole cell immunogen. 

15 The term "purified" means that at least one step of purification has been carried out such 
that a purified antigen is more pure than the same antigen in its natural context. There may, 
however, be present some impurities associated with such purified antigens. The term 
"purified" includes the situation where an antigen is "isolated". In this case, the antigen is 
generally not associated with any other substance which may adversely affect its ability to 

20 protect against or treat infection by H.pylori. Thus, the term "isolated" implies the highest 
degree of purification. 

The antigens are obtained by various usual methods, i.e. by purification/isolation from cell 
culture, recombinant technology or by chemical synthesis. The whole cell immunogen is 
preferably prepared by extraction from H.pylori cells. The extraction may be carried out by 
25 lysis or sonication of the H.pylori cells or any other suitable method. The whole cell 
immunogen may be or may comprise inactivated Hpylori cells. 

An adjuvant is preferably co-administered with the one or more Hpylori antigens. 
Preferably the adjuvant is aluminium hydroxide or MF59™ (see WO 90/14837; 
EP-B-0399843; Ott et al Chapter 10 of Vaccine Design: The subunit and adjuvant 
30 approach, eds. Powell & Newman, Plenum Press 1995) 
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The one or more antigens may also be in association with one or more pharmaceutical ly 
acceptable excipients. 

The present invention also provides the use of an effective amount of one or more H.pylori 
antigens in the manufacture of a medicament for non-mucosal administration for protection 
against or treatment for infection by H.pylori. 

The present invention further provides a pharmaceutical composition for non-mucosal 
administration comprising one or more Kpylori antigens and one or more pharmaceutical^ 
acceptable excipients. This is preferably an immunogenic composition. 

The one or more antigens of the pharmaceutical composition may separately or in 
combination elicit a protective immune response in an animal, preferably a mammal, more 
preferably, a human. 

Preferably, at least one of the antigens is a virulence factor of Kpylori. Examples of such 
virulence factors are given above, along with examples of other preferred antigens. 

The pharmaceutical composition preferably includes at least the virulence factors of VacA, 
CagA, NAP and urease. More preferably, the pharmaceutical composition includes at least 
the virulence factors of VacA, CagA and NAP. Most preferably, the pharmaceutical 
composition includes at least the virulence factors of CagA and NAP. 

The H. pylori antigens of the pharmaceutical composition may consist of only virulence 
factors or of only specific combinations of virulence factors such as VacA, CagA, NAP and 
urease, VacA, CagA and NAP, or CagA and NAP. 

The antigens of the pharmaceutical composition may also include non-//. pylori antigens. 

The one or more antigens is/are preferably purified antigen(s) or a whole cell immunogen 
as described above. 

The pharmaceutical composition may also further comprise an adjuvant. Preferably, the 
adjuvant is aluminium hydroxide or MF59™. 

The pharmaceutical composition of the invention can be an immunogenic composition such 
as, but not limited to, a vaccine. 
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The present invention therefore also provides an immunogenic composition for non- 
mucosal administration comprising one or more H.pylori antigens and one or more 
pharmaceutical^ acceptable excipients. 

Immunogenic compositions and vaccines according to the invention may either be 
5 prophylactic {i.e. to prevent infection) or therapeutic (i.e. to treat disease after infection). 
Such vaccines comprise antigen or antigens, usually in combination with "pharmaceutical^ 
acceptable carriers," which include any carrier that does not itself induce the production of 
antibodies harmful to the individual receiving the composition. Suitable carriers are typ- 
ically large, slowly metabolized macromolecules such as proteins, polysaccharides, 
10 polylactic acids, polyglycolic acids, polymeric amino acids, amino acid copolymers, lipid 
aggregates (such as oil droplets or liposomes), and inactive virus particles. Such carriers are 
well known to those of ordinary skill in the art. Additionally, these carriers may function as 
immunostimulating agents ("adjuvants"). Furthermore, the antigen may be conjugated to a 
bacterial toxoid. 

IS Preferred adjuvants to enhance effectiveness of the composition include, but are not limited 
to: (1) aluminium salts (alum), such as aluminium hydroxide, aluminium phosphate, 
aluminium sulphate, etc.; (2) oil-in-water emulsion formulations (with or without other 
specific immunostimulating agents such as muramyl peptides or bacterial cell wall 
components), such as for example (a) MF59™, containing 5% Squalene, 0.5% Tween™ 

20 80, and 0.5% Span 85 (optionally containing various amounts of MTP-PE, although not 
required) formulated into submicron particles using a microfluidizer (b) SAF, containing 
10% Squalene, 0.4% Tween 80, 5% pluronic-blocked polymer L121, and thr-MDP either 
micro fluidized into a submicron emulsion or vortexed to generate a larger particle size 
emulsion, and (c) Ribi™ adjuvant system (RAS), containing 2% Squalene, 0.2% Tween 80, 

25 and one or more bacterial cell wall components from the group consisting of 
monophosphorylipid A (MPL), trehalose dimycolate (TDM), and cell wall skeleton (CWS), 
preferably MPL + CWS (Detox™); (3) saponin adjuvants, such as Stimulon™ may be used 
or particles generated therefrom such as ISCOMs (immunostimulating complexes); (4) 
Freund's complete and incomplete adjuvants (CFA & IFA); (5) cytokines, such as 

30 interleukins (e.g. IL-1, IL-2, IL-4, IL-5, IL-6, IL-7, IL-12, etc.), interferons (e.g. IFNy), 
macrophage colony stimulating factor (M-CSF), tumor necrosis factor (TNF), etc.; and (6) 
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other substances that act as immunostimulating agents to enhance the efficacy of the 
composition. Alum and MF59™ are preferred. 

As mentioned above, muramyl peptides include, but are not limited to, N-acetyl-muramyl- 
L-threonyl-D-isoglutamine (thr-MDP), N-acetyl-normuramyl-L-alanyl-D-isoglutamine (nor- 
MDP), N-acetylmuramyl-L-alan^^ 
glycero-3-huydroxyphosphoryloxy)-ethylamine (MTP-PE), etc. 

The immunogenic compositions {eg. the antigen, pharmaceutical^ acceptable carrier, and 
adjuvant) typically will contain diluents, such as water, saline, glycerol, ethanol, etc. 
Additionally, auxiliary substances, such as wetting or emulsifying agents, pH buffering 
substances, and the like, may be present in such vehicles. 

Typically, the immunogenic compositions are prepared as injectables, either as liquid 
solutions or suspensions; solid forms suitable for solution in, or suspension in, liquid 
vehicles prior to injection may also be prepared. The preparation also may be emulsified or 
encapsulated in liposomes for enhanced adjuvanticity effect, as discussed above. 

Immunogenic compositions used as vaccines comprise an immunologically effective 
amount of the antigenic polypeptides, as well as any other of the above-mentioned 
components, as needed. By "immunologically effective amount", it is meant that the admin- 
istration of that amount to an individual, either in a single dose or as part of a series, is 
effective for treatment or prevention. This amount varies depending upon the health and 
physical condition of the individual to be treated, the taxonomic group of individual to be 
treated (e.g. non-human primate, primate, etc.), the capacity of the individual's immune 
system to synthesise antibodies, the degree of protection desired, the formulation of the 
vaccine, the treating doctor's assessment of the medical situation, and other relevant factors. 
It is expected that the amount will fall in a relatively broad range that can be determined 
through routine trials. 

The immunogenic compositions are administered non-mucosally, more specifically 
parenterally eg. by injection, either subcutaneously or intramuscularly. Transdermal or 
transcutaneous administration may also be used. Dosage treatment may be a single dose 
schedule or a multiple dose schedule. The vaccine may be administered in conjunction with 
other immunoregulatory agents. 
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According to the present invention, there is further provided the use of the pharmaceutical 
composition as described above or the immunogenic composition as described above for 
protection against or treatment for infection by H. pylori. 

Brief Description of the Drawings 

5 Figure 1 shows endoscopic examination of the antral region of protected dogs (Fig. 1A) and 
control (infected) dogs (Fig. IB) 42 days after challenge with H.pylori. 

Figure 2 shows histological examination (hematoxylin-eosin (HE) staining) of biopsies 
taken from the antral region of protected dogs (Fig. 2A y magnification = lOx) and control 
(infected) dogs (Fig. 2B y magnification = lOx; Fig. 2C, magnification = 40x; Fig. 2D y 
10 magnification = lOOx) 42 days after challenge with H.pylori. 

Figure 3 shows immunohistochemical examination of biopsies taken from the antral region 
of protected dogs (Fig. 3A) and control (infected) dogs (Fig. 3B) 42 days after challenge 
with H.pylori (magnification = 40x). 

Figure 4 shows the schedule of the experiment to determine whether Beagle dogs may be 
1 5 protected against a challenge with H. pylori using purified antigens given i.m. 

Figure 5 shows serum antibody titers to recombinant VacA (Fig. 5A\ to CagA (Fig. SB) 
and to NAP (Fig. 5Q (averages) before the first immunization, and after the second, third 
and fourth immunizations i.m. with purified antigens or with whole cell lysate,. The 
horizontal arrow individuates the lower limit for positive ELISA results. 

20 Figure 6 shows the titers of serum IgG antibody subclasses IgGl and IgG2 to CagA 
(Fig. 6A) and NAP (Fig. 6B) (average titers per groups immunized i.m. with purified 
antigens or with whole cell lysate) at the same time points as above (Fig. 5). 

Figure 7 shows serum IgA antibody titers to p95 (recombinant VacA) in Beagle dogs 
immunized i.m. with purified antigens (VacA, CagA and NAP) or with whole cell lysate 
25 (single dogs - Figs. 7A to 7F) before immunization and after the third immunization. 
(Similar serum IgA antibody titers were observed against CagA.) 

Figure 8 shows the endoscopic image of protected (Fig. 8A) and non-protected (infected) 
(Fig. 8B) dogs taken about 8 weeks post-challenge. 
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Figure 9 shows the histology (HE staining, magnification = lOx) of gastric mucosa from 
protected (Fig. 9A) and non-protected (infected) (Fig. 9B) dogs taken about 8 weeks post- 
challenge. Note in Fig. 9A the normal mucosa and submucosa. Conversely, in Fig, 9B, a 
large lymphoid follicle, disrupting the structure of the mucosa and the submucosa can be 
5 noted. 

Figure 10 shows the immunohistochemistry using anti-VacA monoclonal antibody taken 
about 8 weeks post-challenge (magnification = lOx). Note the negative staining in 
protected dog (Fig. 10A) and the heavily positive staining in non-protected (infected) dog 
(Fig. 10B). 

10 

Detailed Description of the Invention 
Whole cell H. pylori vaccine 

As an embodiment of the invention, the feasibility of immunizing conventional dogs with 
15 whole cell Kpylori vaccine (i.e. Kpylori cell lysate) was investigated. It is shown that 
such a preparation can elicit an immunity that provides a protective effect against a later 
challenge with infectious H.pylori. 

Immunogenicity. The protective effect of a whole cell Kpylori vaccine was investigated 
in dogs challenged with infectious Kpylori. The details of the experimental procedures 
20 followed are set out later. As compared to time 0 and to control dogs, i.m. immunization 
induced very high titers of serum IgG antibodies as shown in Table 1. I.m. immunization 
with H.pylori lysate also induced production of antigen-specific serum IgA antibodies. 

Symptoms. Control dogs #2 and #3 had diarrhoea during the first week after the last 
challenge. Control dog #2 also had vomiting. There were no symptoms of Kpylori 
25 infection in the i.m. group. 

Urease test on gastric (antral) bi psy and on gastric lavage. This assay, performed on 
antral biopsies and gastric lavage taken 10 days after the last challenge, was positive in the 
control group, and negative in the i.m.group as shown in Table 2 below, even 24 h later. 
These data were also confirmed at day 42 post-challenge. 
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Table 2 

Group dog # biopsy gastric lavage 

Control 1 ' + 

2 + 

3 + 

i.m. l 

2 
3 



Endoscopy, histology and immunohistochemistry results. Protected dogs showed 
5 normal mucosa at endoscopic examination at 42 days post-challenge (Fig. 1A), with a 
bright and smooth surface, without signs of hyperemia or edema. Conversely, in the 
control (infected) dogs, the gastric mucosa was heavily red and edematous, and had a 
rippled surface with appearance of plicae (Fig. IB), suggestive of the nodular (follicular) 
gastritis observed previously and described in patent applications GB 9801000.2 and 
10 PCT/IB99/00217. 

Histologically, the gastric mucosa of protected dogs conserved an intact structure, both at 
the surface and at the submucosa (Fig. 2A), whereas in infected dogs there was appearance 
of hyperemia (Fig. 2B, arrows), edema (Fig. 2B, asterisk), inflammatory cellular infiltrates 
(Figure 2B, arrowheads and Fig. 2C). Kpylori was also easily identified in the mucous 
15 layer (Fig. 2D). 

All these data were confirmed by immunohistochemistry using an anti-VacA monoclonal 
antibody, which heavily stained epithelial cells of infected dogs (Fig. 3B, arrows), but not 
those of protected dogs (Fig. 3 A). 

C nclusions. Taken together these data show that i.m. immunization with Kpylori lysate 
20 can protect dogs against challenge with infectious Kpylori, and that the i.m. route can be 
considered for vaccination against this bacterium. 
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Purified H. pvlori antigen vaccine 

As a further embodiment of the invention, the feasibility of immunizing conventional dogs 
with purified H.pylori antigens was also investigated. It is shown that such a preparation 
can elicit an immunity that provides a protective effect against a later challenge with 
5 infectious H.pylori. 

Immunogenicity. The protective effect of purified H.pylori antigens (specifically VacA, 
CagA and NAP) was investigated in dogs challenged with infectious H.pylori. The details 
of the experimental procedures followed are set out later. Immunization with these 
antigens induced very strong serum IgG antibody response specific for each antigen after 
10 only two doses. Titers increased after the third dose. Doses of 50 and 10 pig of antigens 
were as good as 250 |ag to induce high titers of antigen-specific antibodies. Comparatively, 
lower antibody titers were detectable in dogs immunized with H. pylori lysate (see Fig. 5). 

Immunization with these antigens also induced high titers of antigen-specific serum IgGl 
and IgG2 antibodies, suggesting that this immunization induces both Thl- and Th2-type 
15 immune response, unlike what has already been observed in infected mice and dogs, in 
which a preponderant Thl -type immune response is evident (see Fig. 6). 

Dogs immunized in this manner also had detectable titers of antigen-specific IgA antibodies 
in the serum (see Fig. 7). 

Endoscopy, histology and immunohistochemistry results. In protected animals (see 
20 Table 3 - which gives the conclusive results on protection, based on all parameters taken 
together, including endoscopy (gastroscopy), histology and immunohistochemistry), gastric 
mucosa was normal at endoscopic investigation, at histology, and at immunohistochemistry 
(see Figs. 8 A, 9 A and 10A, respectively). Non-protected (infected) animals showed 
hyperemic, heavily flogistic aspect of the gastric mucosa at endoscopy (Fig. 8B), with a 
25 diffuse infiltration with mononuclear cells aggregated in lymphoid follicle structures (Fig. 
9B) disrupting the normal glandular structure. Fig. 10B shows a strong positivity at 
immunohistochemistry using an anti-VacA monoclonal antibody. 

C Delusions. Taken together these data show that i.m. immunization with H. pylori 
antigens can protect dogs against challenge with infectious H.pylori. 
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Table 3 

Intramuscular immunization with 
purified antigens protects dogs 

against challenge with 
Helicobacter pylori 



Group 


Dog# 


Protection 


Control 


1 






2 






3 






4 




\ g _ _ * a #a ■ a 

VacA/CagA/NAP 


5 


+ 


250 tig each 


6 


i 

+ 




7 


+ 




8 




VacA/CagA/NAP 


9 


+ 


50 jig each 


10 


> 

+ 




11 


+ 




12 


+ 


VacA/CagA/NAP 


13 


+ 


10 ng each 


14 


+ 




15 


+ 




16 


+ 


whole-cell lysate 


17 




25 mg 


18 


+ 




19 


+ 




20 


+ 


who! -c Ulysat 


21 


+ 


5 mg 


22 


+ 




23 






24 


+ 
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Experimental 

H.pylori strains. SPM326s, a streptomycin-resistant derivative of the mouse-adapted 
H.pylori Type I (CagA+/VacA+) strain SPM326 (Marchetti et at., 1995), was grown as 
previously described (Marchetti et al. 9 1995) and used to challenge the dogs. The CCUG 
5 strain of H.pylori is well known in the art. 

Animals. Six 4-6 months-old xenobiotic beagle dogs, all female (Morini s.a,s., S. Polo 
D'Enza, Italy), were selected on the basis of the absence of detectable serum IgG against 
Helicobacter spp. in Western blot (WB) analysis using total bacterial lysate as antigen (see 
below). The six dogs selected were housed in standard conditions and maintained on a diet 
10 of dry food (MIL, Morini s.a.s.) and tap water ad libitum. Upon arrival in our animal 
facilities, an additional WB analysis on sera confirmed their H.pylori status. The dogs were 
housed in individual cages and allowed to adapt for a month to the new environment. 
During the month of adaptation, two tests were carried out on fecal samples to assess the 
presence of intestinal parasites or common enteric pathogenic bacteria. 

15 Preparation of H.pylori lysate. Two pellets of H.pylori CCUG strain from two 5 liter 
fermenters (Olivieri, R., et al 1993. J. Clin. Microbiol. 31:160-162) were obtained. After 
each pellet was resuspended in 50 ml of sonication buffer (50 mM Na2HPO 4 .2H 2 0, 300 mM 
NaCl, pH 7.8), the two resuspended pellets were mixed. The OD 5 30nm of the combined 
resuspension was measured to determine bacterial concentration (= 3.2 x 10 10 CFU/ml). 

20 The resuspension was diluted with sonication buffer to bring the concentration to 2 x 10 10 
CFU/ml. Before sonication, bacteria had the classical spiral form when viewed under the 
microscope. Sonication of the resuspended bacteria was then carried out on ice: 2 cycles of 
4 minutes, and 2 cycles of 5 minutes, waiting one minute between each cycle. After 
sonication, all the bacteria appeared broken when viewed under the microscope. Protein 

25 concentration was then determined using the Bradford method (= 57.5 mg/ml protein). 
Aliquots of the cell lysate were then prepared and frozen at -80°C until use. 

Immunization. Three dogs were immunized on day 0 intramuscularly (i.m.) with the 
prepared H.pylori lysate (the equivalent of 10 10 CFU H.pylori (= 28 mg/dose)) adsorbed 
onto 1 mg aluminium hydroxide (Chiron Behring GmbH & Co., Marburg, Germany; Lot 
30 No. 277345) in 1 ml volume. Immunizations were repeated on days 7, 14, and 22. Serum 
samples were taken on day 0, 21 (post-3) and 43 (post-4). The other three dogs, as a 
control group, were treated identically but saline was used in place of the H.pylori lysate. 
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Challenge with infectious H.pylori. The dogs were then challenged on days 49, 51 and 53 
with the mouse-adapted H.pylori SPM326s strain as follows: 24 h before each challenge the 
dogs were fasted. 2 h before bacteria inoculation, dogs received 10 mg/kg of cimetidine 
i.m. (Tagamet® 200; Smith Kline & French, USA). At the moment of challenge, the dogs 
were anesthetized with a mixture of 40 ng/kg of medetomidine chloridrate (Domitor®; 
Centralvet-Vetem s.p.a., Milano, Italy) and 5 mg/kg of ketamine (Ketavet®, Gellini, 
Latina, Italy) intravenously (i.v.); then a gastric lavage was performed with 100 ml of 0.2M 
NaHC0 3 sterile solution followed by oral challenge with 3 ml of a freshly prepared 
suspension of 10 9 CFUs in sterile saline of the H.pylori strain SPM326s, grown under 
microaerobic conditions (see below), prepared immediately before the inoculation 
procedure. At the end of the bacterial inoculation, 200 (ig/kg of the anesthetic antagonist 
atipamezole (Antisedan®; Centralvet-Vetem s.p.a., Milano, Italy) was administered and 
then dogs were again treated with cimetidine and fed after 2 h. 

Post-challenge follow-up. Ten and 42 days after the last challenge gastric endoscopies 
were performed using a 4.9-mm-diameter Pentax pediatric bronchoscope (Pentax 
Technologies, Zaventem, Belgium). At the same time, gastric biopsies were taken during 
the endoscopies using flexible pinch-biopsy forceps at the antrum, corpus fundus, and 
cardias for urease testing and for microbiological, histopathological and 
immunohistochemical analyses. Before each endoscopy the whole instrument and the 
flexible forceps were soaked in 4% glutaraldehyde for 45 minutes and then rinsed in sterile 
saline. To avoid cross-contamination among biopsies taken at different sites, the forceps 
were washed with tap water and lightly flame-sterilized before the collection of each 
bioptic sample, The above experimental protocol was approved by the Scientific and 
Ethical Commitee of the University of Pisa and received official authorization (DM No. 
21/97-C) from the Italian Ministry of Health (Department of Veterinary Health, Food and 
Nutrition). 

Rapid urease test. Antral biopsies and liquid from gastric lavage were incubated for up to 
24 h in 1 ml of a 10% urea solution in distilled water added with two drops of a 1% phenol 
red solution (Sigma Chemical Co., St. Louis, MO, USA) in sodium phosphate buffer, pH 
6.5. A positive test is indicated by change of color (from orange to dark pink) in the 
medium; the time necessary for the color change is recorded. At time 0, endoscopy was 



WO 99/57278 PCT/IB 99/0085 1 

-19- 

carried out on the six dogs and antral biopsies were taken for the urease test. In all six 
dogs, the urease test was negative at time 0. 

Histopathology and Transmission Electron Microscopy. Samples for histological, 
immunohistochemical and ultrastructural examination were taken from the biopsies at sites 
5 adjacent to those utilized for microbiological analysis. The samples were fixed in 10% 
buffered formalin and embedded in paraffin. 3 \xm sections were stained with hematoxylin- 
eosin (H & E) and Alcian and Periodic acid Schiffs (PAS) staining using standard 
procedures for histopatho logical examination. Similar sections were also employed for 
immunohistochemical analyses using the Avidine-Biotine-Complex (ABC)-peroxidase 

10 technique with a monoclonal antibody (Mab) specific for Kpylori (Biogenesis Ltd, Poole, 
England, UK) or an anti-VacA mouse monoclonal antibody (C1G9) obtained by 
immunizing Balb/c mice with purified native Kpylori VacA (Burroni and Telford, 
unpublished observations). Biotinylated horse anti-mouse antibody was used as secondary 
antibody. The reaction was developed with 3-1-diaminobenzidine-chlorhydrate (DAB) 

15 (Sigma) for identification and location of bacterial antigen. For electron microscopic 
examination, other samples were fixed in Karnowsky, post-fixed in Os04, and embedded in 
Epon-Araldite (Polysciences Inc., Warrington, PA, USA). Semi-thin sections were stained 
with toluidine blue for evaluation of cell damage, whereas ultra-thin sections were stained 
with uranyl acetate and lead citrate, and then examined with a Philips EM 301 transmission 

20 electron microscope (TEM) operating at 80 KV. 

Detection of znt\-H.pylori antibodies. SDS-PAGE of Kpylori (strain SPM326s) and WB 
analysis of sera were performed according to previously published procedures (Marchetti et 
aL 9 1995). Briefly, dog sera were diluted 1:200 and incubated for 2 h at room temperature. 
Then, horseradish peroxidase (HRP)-conjugated rabbit anti-dog IgG antibody (Nordic 

25 Immunological Laboratories, Tilburg, The Netherlands) was added at 1 :2,000 dilution for 2 
h, and the reaction was developed using 4-a-chloronaphtol as substrate. Detection of 
antibody against Kpylori by ELISA was carried out on 96- well plates coated overnight at 
4°C with the prepared CCUG strain lysate used for immunization (5 ^ig/well) or with 
purified native CagA or NAP (0.2 jig/well). Coated wells were blocked with PBS 

30 containing 5% non-fiat milk. Twofold serial dilutions of the sera were incubated at 37°C for 
2 h and then washed with PBS. Antigen specific IgG titers were determined using a 1 :4,000 
dilution of HRP-conjugated goat anti-dog IgG antibody (Bethyl Laboratories, Inc., 
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Montgomery, TX, USA) for 2 h at 37°C. Antigen bound antibodies were revealed by 
adding o-phenylenediamine dihydrochloride (Sigma) as a substrate. Antibody titers were 
determined as previously described (Ghiara et ai y 1997). 

Intramuscular (i.m.) immunization of dogs with purified H. pylori antigens. VacA and 
5 CagA were expressed and purified as described in Ghiara, et ai 1997. NAP was expressed 
and purified as described in earlier patent applications GB 9807721.7 and PCT/IB99/00695. 
As shown in Table 4, groups of 4 dogs were immunized i.m. with: 

(i) a mixture of recombinant VacA, CagA, and NAP (250, 50 or 10 jag of each antigen) 
adsorbed onto aluminium hydroxide (1 mg dose); 

10 (ii) CCUG lysate (prepared as discussed above), at 25 or 5 mg per dose adsorbed onto 
aluminium hydroxide (1 mg dose); 

(iii) aluminium hydroxide alone (1 mg dose). 

Dogs were immunized 4 times at weekly intervals. Challenge with H. pylori was carried 
out 4 weeks later as already described. Samples (blood, biopsies, etc. - as previously 
15 described) were taken before immunization, after the second, third and fourth 
immunizations, and then 2-3 weeks and 8 weeks after the last challenge. 
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Claims 

1. A method of protection against or treatment for infection by H.pylori comprising 
non-mucosal administration of an effective amount of one or more H.pylori 
antigens. 

2. The method of claim 1 , wherein administration is parenteral. 

3. The method of claim 2, wherein administration is intramuscular, transdermal or 
transcutaneous. 

4. The method of any one of claims 1 to 3, wherein the one or more antigens 
separately or in combination elicit a protective immune response in an animal. 



5. 



The method of claim 4, wherein the animal is a mammal, preferably a human. 



6. The method of any one of claims 1 to 5, wherein at least one of the antigens is a 
virulence factor of H.pylori. 

7. The method of claim 6, wherein the virulence factor of H.pylori is VacA, CagA, 
NAP or urease. 

8. The method of any one of claims 1 to 7, wherein the one or more antigens is/are 
purified antigen(s) or a whole cell immunogen. 

9. The method of claim 8, wherein the whole cell immunogen is prepared by 
extraction from H.pylori cells, preferably by lysis or sonication of the H.pylori cells. 

10. The method of claim 8 or claim 9, wherein the whole cell immunogen is or 
comprises inactivated H.pylori cells. 

11- The method of any one of claims 1 to 10, wherein an adjuvant is co-administered 
with the one or more H.pylori antigens. 

1 2. The method of claim 1 1 , wherein the adjuvant is aluminium hydroxide or MF59™. 

13. The method of any one of claims 1 to 12, wherein the one or more antigens is/are in 
association with one or more pharmaceutically acceptable excipients. 
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14. The use of an effective amount of one or more H.pylori antigens in the manufacture 
of a medicament for non-mucosal administration for protection against or treatment 
for infection by H.pylori. 

15. A pharmaceutical composition for non-mucosal administration comprising one or 
more H.pylori antigens and one or more pharmaceutical^ acceptable excipients. 

16. The pharmaceutical composition of claim 15, wherein the one or more antigens 
separately or in combination elicit a protective immune response in an animal. 

17. The pharmaceutical composition of claim 16, wherein the animal is a mammal, 
preferably a human. 

18. The pharmaceutical composition of any one of claims 15 to 17, wherein at least one 
of the antigens is a virulence factor of H.pylori. 

19. The pharmaceutical composition of claim 18, wherein the virulence factor of 
H.pylori is VacA, CagA, NAP or urease. 

20. The pharmaceutical composition of claim 19, which includes at least the virulence 
factors of VacA, CagA and NAP. 

21. The pharmaceutical composition of claim 19 or claim 20, which includes at least the 
virulence factors of CagA and NAP. 

22. The pharmaceutical composition of any one of claims 15 to 21, wherein the one or 
more antigens is/are purified antigen(s) or a whole cell immunogen. 

23. The pharmaceutical composition of claim 22, wherein the whole cell immunogen is 
prepared by extraction from H.pylori cells, preferably by lysis or sonication of the 
H.pylori cells. 

24. The pharmaceutical composition of claim 22 or claim 23, wherein the whole cell 
immunogen is or comprises inactivated H.pylori cells. 

25. The pharmaceutical composition of any one of claims 15 to 24 further comprising 
an adjuvant. 

26. The pharmaceutical composition of claim 25, wherein the adjuvant is aluminium 
hydroxide. 
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27. An immunogenic composition for non-mucosal administration comprising one or 
more K pylori antigens and one or more pharmaceutical^ acceptable excipients. 

28. The use of the pharmaceutical composition of any one of claims 15 to 26 or the 
immunogenic composition of claim 27 for protection against or treatment for 
infection by H.pyloru 
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FIG. 5B 
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